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‘AN ASYMMETRIC PROBABILITY 
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J. J. SLADE,’ SR. , ESQ. 


In engineering problems that require statistical such as studies 


of rainfall and r run- n-off, the data a are frequently too meager to allow the | mye @ of 


the elaborate methods | developed by Karl Pearson, or the Danish s statisticians; 

and yet, the asymmetries in n the frequency distributions associated with ‘these 

fee are usually sufficiently marked to » place the investigation in a a field 

definitely outside that of the simple Gaussian theory. Unfortunately, where 


basic probability function is other the “normal curve”, the the 


gmerally be becomes a difficult tas 


Furthermore, unless the ‘the data 


m have’ meaning of 


the “magnitude 
The purpose of this’ paper is to introduce a function that differs as little 


me, seems possible to let it differ from the ‘ ‘norma!” in its general character- 
istics, while heen: it an unlimited degree of! “skewness”. At the same time, 


it is an easy curve to apply, as suc ngs go, and one for the application | of 


a which existing tables’ may be ‘used. The paper is subdivided into the follow- 


Sex Section : contains a critical discussion of the various methods in use at 


> 
Present in the analysis of frequency, distributions. The of this sec- 
J tion is, first of all, to contrast and to compare the function introduced with b 
those already use so that both its merits and defects: will be | exposed at 
the beginning. It ‘will thus be seen to contain a justification for | the intro- 


- duction of a new function in a field | that literally teems hee: such studies. 


‘It is hoped that this ‘Paper will also” help the engineer to a better under- 

“ standing of a subject the approach 1 to which j is barricaded ad so many 
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requirements of a funetion that is to be or degree more general 


than the Gaussian, a vad discussed in Section II. This function is , introduced 


— 


in ‘Section II and is subjected to. detailed mathematical analysis, and the 


- coristants sof the curve are expressed i in terms of the moments s of the distribu- 


4 ‘ion which it is to fit. Finally, it is proved that the curve is a true 
. ‘generalization « of the Gaussian, becoming identical | with it, in 1 fact, when ‘the 

In Section III the formulas derived in ities II are ‘collected and a 
for their use is outlined. A number a examples are given which | 
serve both to illustrate the manipulation of the new curve and to compare 


the results obtained its use wit those obtained = 8 the use of other 


o> In Section IV, finally, the ‘most general homograde function is discussed, 


; parameters are expressed i in terms of the bounds and ‘standard deviation 


the the statistics, and a procedure for ‘its application is outlined. 


he following symbols cused in the p: paper are herewith for the 


7 4 = a parameter that corresponds to the maximum lower oie 

tion of the statistics from their arithmetic mean. 

do 9 = a parameter that corresponds to the maximum upper 
deviation of the statistics from their arithmetic mean. __ 
ete. = parameters of the observed frequency distribution. ny 


variate. = may be the member 
0 


= deviations of the variate from arithmetic mean, =i - 
frequency ordinate corresponding to the deviation, 
t Y= probability of the occurrence of deviations less than, or 
equal to, the deviation, = 
= a variable ‘abscissa; also transformed of 
variable of 


= distinct of cheorvations, 
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— ¢ = symbol of frequency function. = first appro» 


"> 


k= 
oa = the heat number of a finite series of distinct sa Aha 
= the last number of a finite series of observations, 
wht N = the total number of items in a statistical series = So. pat - 
= an index which takes on the values, 0, 1, 2, 3. 
sum of the powers of the deviations from arithmetic 
Ath moment of the distribution = Thus, 
the square of the standard deviation, or, if the mean 
is as the unit, = (CV)’, the square of the Hazen- 
Roster coefficient of variation 
= the coefficient of skewness. This is s identical with¥B: 
the Pearson theory, and with (CS), the coefficient of 


skew, of the Hazen-Foster development. (In engineering 
- literature the divisor of the moments is usually taken as 

N- 1 instead of N. This, no doubt, comes from least 


‘square usage, but in this connection ‘the writer finds had 


the standard deviation = Vin = M ((CV). wan 


conjugate components of the real root of # + 3t s= bed 


small quantity that vanishes with te 


“terms of the order of”, symbol denoting small 
quantity which vanishes wi ith the infinitesimal enclosed 


= sien of summation. 


—The Normal Curve-——The most aemenerguied basis for a a great variety 
of statistical studies is s the normal eurve’*: 


vival 


the frequency ordinate to the variation, 


in which, y 
=e 


from arithmetical mean of ‘statistics. This 


tion basis of errors and correlation, 


ion 
2“The Mathematical Theory of of Probability,” by Arne Fisher, . 198, Macmillan, 1930. 
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AN PROBABILITY FUNCTION Papers Oct 
s use, although this is in no way comparable to the justification derived Eq 
> experimental of the results: obtained | its use. Under: con 
certain conditions it gives: reliable information ; this is a matter subject Eq 
to controlled experiment. Its ) use is indicated whenever the following assump: cer 
tions can be made regarding ‘the variation of the entity considered*: q fitt 
(a) ‘The most probable (or most frequent) value ail a number 
"observations is their arithmetic ail 

Small variations are more likely to occur than large ones. 
These ‘or equivalent assumptions relate to the variate; addition 
course, the : foundations of probability theory are assumed. “th 
a aan As long as the variation ‘comes fairly well within this set the normal in 
curve represents the data ‘surprisingly well, and more significant than n mere 
“fitting” of the given data is the fact that the information obtained by its 
(as in extrapolating, for ‘instanee) is surprisingly accurate. ‘The single un 


for sin 


- parameter of “spread” seems adequate to take care of the possible configura- 

ee engineering problems, however, these assumptions can seldom be made & 
} 


outside the ease of direct and precise measurements, Usually the mean, 
‘the mode, and‘the median not coincide. 


. Since the relation between negative and positive variations is not known ha 


ethod of generating all such | curves, the investigator must finally be con- 
tent to” try as many of them a as he can discover let experience be 
the final arbiter of the success of the search, a Mew 
‘The extension of the ‘theory to, include skew probability functions 
“been the subject of much ingenious mathematical 


~Pearson’ Curves—One of the first extensions ‘of the theory, and 


when the ‘symmetry that leads to the Gaussian distribution is Jacking, a ge 
general frequency function cannot be developed entirely fr from a priori con- 

siderations. 7 ‘This leads | to investigation n of all the mathematical expressions 

that share with the probability function its characteristics properties, among or 


- a fortiori, must be the curve that is sought ; and, since there is no 0 


“perhaps s still the most sueceseful, is due to Karl Pearson,‘ who embodied the 
asymmetric assumptions regarding ‘the: of the v variations a 
tye 
“which merely states that the curve has 2 a maximum at ‘at the point, x - 
that it approaches the a3 axis of x as the vanishes 
Lia 
that the normal law follows from the principle of the 
arithmetic mean and the theorem on “Advanced Caleulus”, = 
x ‘oa by E. B. Wilson, Ginn & Co., 1912, p. 386. — 5 
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Equation (2) may contain all frequency curves, , it is quite likely ‘that it tele 
contains ‘many ‘curves not even remotely related to frequency functions. 
Equation does not ere a means of distinguishing between 


=) 
J 
Oo 
= 
° 
7] 
Oo. 


Siting, as well as. possible, a curve: to” a set of data; there must be ‘some 


- Another difficulty with Pearson’s set-up is a practical « one. The form a 
re function, F(x), that appears” ‘in Equation (2) must be Timited severely 
in order to integrate the | equation | at all. 7 Pearson assumed that F(a) ¢ can be | 
developed Maclaurin series and that it is permissible to drop all the 
terms of the series after the square. This is merely a roundabout and 
unscientific manner of assuming that F(z) is a quadratic. 


ort 


However, the family of curves generated by Equation (2) 


+ 
a 


m has proved to be very ry useful. One of the principal objections to | the family 
a / generated by Equation — (2) i is the variety of types into which it is divided. 
_ The criteria for this or that type are artificial and cumbrous. © The objection | 
~ is not altogether esthetic; in in order definitely to. place a a distribution in this 
that category it is necessary to compute the fourth moment; and when 
- the data are meager (as happens: frequently in problems investigated by the: 
engineer), a fourth moment ‘is as meaningless as it is laborious to compute. 
e Z Any accidental irregularity in the distribution is exaggerated dangerously 
in the higher. moments. . Even ‘the third moment is quite unreliable 


the observations are few. ae: — the standard eee is reliable 


i 


course, ‘this contains | ‘curves that may 
7 by three moments (two when 1 = 0; that : is, when the origin is at the 

mean). One such is the -eurve classified a as s Type III; but this curve 
‘degenerates into an L- shaped figure for certain ranges: of the parameters, 


which suffices to throw it out of the class of curves that represent id a 
3 ‘38.—The General Theory— —A general theory of “frequency hes 
been developed, following the Tesearches- originated by Laplace, which i is 
| elegant mathematically, but quite impracticable in fact. (The 
m best treatise, in English, on the theory of frequency curves as “developed — 
by the Danish school of statisticians, is that presented by Arne Fisher® 2 
The theory is based on a fundamental property of frequency functions, 
that if ¢ one has a set of observations, Or, Om + + On, and a set of 
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__ observations, then, if (x) is the frequency function for the o ’s and f(x) is c 


any valued function at all, one may obviously write: cont 
. al Now, ¢(z) is a function not only of the different values of the variate, 
but also’ of certain statistical parameters (the moments, for example, would 
be one such set) ; and, to a great extent, it is a matter of convenience what 
functions of the observations these parameters should be. . For instance, 
be. defined in this ‘manner: Call the: parameters, 2s, 


ie 


and ‘ides two convenient functions, ds 


Now, if two functions are and to be for all 
values of a, a relation may be established in this ‘manner between the 


parameters, Ary and ‘the observations, Oy, - both sides 


r=n 


K(z, or) 


into series of p powers of z and equating like powers, a relation is abihiietoh 
between the parameters, Ar, and the observations, or, that must hold for 


Equation be satisfied identically. By making of Equation 
(4) (8) may be written in this manner: 
> 
= % Kt, xr) $(2r).. .. (6) 


nner: 


or, passing to the limit in some reasonable manner: 


-‘This is an integral equation in which, from ‘Equation (5), both F(z, 


and K(z, x) are known, from which (x) may be determined by the 


rules established in the theory of such ‘equations. The success with which 


efforts to solve Equation (7) will be rewarded, will meinen on the ingenuity 4 


Bie: Thiele obtained a solution of Equation (7) in terms of his famous semin- 
variants.” In -Thiele’s solution, ¢(x) is given as s a definite integral which, 


unfortunately, cannot be integrated ; so that the net result is’ an elegant 
"mathematical: process which ultimately gets nowhere. Even if one could 
direct use Thiele’s solution of there are certain 


191. 
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circumstances that render it too general for ordinary purposes. In a manner — 
somewhat analogous to the case of Pearson’s differential | equation, one may 
say that although Equation (7) certainly includes all frequency functions, 
includes no of actual frequency functions. ‘fairly arbitrary 
function, p(x), may satisfy Eq Equation without | being remotely near an 


—The Gram- -Charlier Series.—A much more practical development of the 


frequency function is the ‘series named after Gram Charlier. If one 


a. In this series | the values of Cn may be obtained by making use of the 


orthogonal ‘properties of the or they may y be obtained by the usual 
"method of of least squares.” W. F. Osgood has written an 1 elementary discus- 
sion of series of orthogonal functions and their c connection with the principle 
of least squares.” bh Here, again, the criticism is that Equation (9) is 1 too 


it represents a statement in ‘mathematical analysis rather than 
in the theory of frequency functions. In fact, if one is satisfied with ‘some 
_ condition s slightly _less than an absolute mathematical | approach to a a limit, 
Equation (9) may be used to represent, very closely, quite fantastic 
funetions—even discontinuous ones—provided they and their slopes vanish at_ 
infinity. Clearly, this some functions not all connected with 
urthermore, if (2) deviates appreciably (that is 
a has a marked skew), it may take thousands of terms of Equation (9) to get 
even a fair representation— —and this is a process which is practically impos- 
"sible, function, need dey deviate greatly from ¢$o(x) before 
waves and ‘negative frequencies appear the use of a few terms of Equa- 
‘ tion (9), and they certainly do not belong in an actual frequency curve. 
The reason for these spurious Phenomena will be obvious to the reader 
generating function, $0(x), may be defined by a relation other than» 
Equation (8) such that, to begin with, $(2) and o(a) will be fairly similar. 
Then, (x) may be closely represented by a few terms of Equation (9). This 
: is so because each term represents a correction to the sum of the terms that 
Precede it. Studies have been made of various forms of the generic’ 


a _ ™“The Mathematical Theory of Probability”, by Arne Fisher, 1930, pp. 199 et seq. 
S“Advanced Calculus”, by William Fogg Osgood, Maemillan, 1925. 


¥ 


— 
is 
7 — 
a 
4] 
‘ 
) 
— 
q 
g 
4 
= 
>. 
q 
— 
| — 
— 

— 
aa 
— 
= 


Papers 
tion, ¢o(z)’, but the objection to the use of Equation (9) must always remain; 5 pra 


That this series, , regardless of the form. of the generic, do(z), may be made that 


almost anything. It offers no theory of frequency functions. larg 
5.—Transformations of the Variate. greatly skewed distributions a strai 
logarithmic transformation | of the variate has sometimes proved useful. func 
— transformation really furnishes a new generic function , defined, accord- ( 


Ing to Fisher, by 


n 


x my2 


than that of Article 4. The transformation has been suggested by the fact 
that when the skew of the frequency is great, that of the logarithms of the 
variate i is more nearly ‘normal. 1. Special mention is made of this trans- § 
formation because of its relation to the partly bounded function introduced ™ 
in this paper. __ As objections to it other than Gee listed in Article 4 the B 

following may be stated: = 


(a) The use of Equation (10) the ‘solution of a cubic, distinct ‘th 


to be used in Equation (9), and, therefore, it needs no -furtk her discussion 


After the transformation is accomplished one still has to determine ad 

the constants of the series: by the | method of least squares by "Some ] “re 

— Empirical Curves. — So-called empirical curves: are not “essentially 

x "different from any of the e foregoing because, as a matter of fact, all the curves ‘ e 
are empirical ; but they suffer from the fact that they 1 usually devised for t] 
4 particular problems — and the range of their applicability is generally quite § 
limited. Furthermore, they are farther from an approximation of any theory b 
of ‘frequency functions than any 0 f the foregoing. It is the integral, or dura-— 
a ‘tion, curve (for many purposes more important than the frequency function) ¥ Pa 
which is often represented by means" of purely arbitrary functions. Not 
p - much can be said in their favor except, perhaps, that they may be e easy tc to use. E 
3 | ‘The principal objection to their 1 use lies in the fact that it is not possible ' 


to estimate the reliability of the ‘parameters entering in them. . The estimate — f 


of this reliability is an important phase of a. statistical investigation often 
%—Graphical al Methods. —T The of “probability” paper and other 
graphical devices is an undesirable These methods convey to 
eye a simplicity which does. not really exist. The process of using these 
ae methods is not essentially different from that of fitting a curve to the data, 
except for the fact that one is more likely to fit the wrong curve graphically b, 
than analytically. A paper marked off in 1 non-rectangular co- -ordinates doe 


to the data exactly what a a flat map > of a a curved earth does to geography. 
an exaggerated idea of the entire problem. ‘straight line that 


_ _ *®See, for instance, ‘Generalizations of the Normal Curve Error’, by Luis 
ee Dissertation, Univ. of Michigan, Edwards Bros., Inc., Ann Arbor, Mich, a 


Mathematical of Arne Fisher, 1930, pp. 236 et 
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seems to fit the data closely may not be a good fit at all when one remembers 
that ‘small deviations in certain tae of the paper may represent quite 


large errors. _ Fitting | a straight line to data that plot approximately as a 
straight line i is like using the method of least squares without weighting for 


has One notable exception is presented by the closely y allied se semi-graphical _ 
methods of De. Kapteyn™ * and Rk D. Goodrich, M. Am. Soe. CO. 


Their . procedures are fundamentally ‘sound. The weakness in their methods 

is due to the impossibility of computing the probable errors: of the constants — 
in their functions. There is is no graphical process that gives an indication _ 


od —Desiderata.—Fr rom the discussion of Section I it is seen that only 

- one function furnishes something of a theory of variations, and that is the 

normal ¢ urve, Equation (1). The succeeding developments, although no doubt 

including the general theory of frequency functions — within their scope, are a 

- far too general in character; ; in spite of all that may be said against them, 

the Pearson functions still remain the most useful. 

a new function will be justifiable only in so far as it is le to call forth a 
inimum of objections that must surely be raised a against it. _ The various — 

requirements for it will now be listed and discussed. ' These nomeipeunanes ; 


embody the w w rriter’s s theory of the most general homograde probability function 


= 


& 


afl (a) It must be a simple e3 extension of the normal ¢ curve; ; that i is, the oan 
curve must be one of its possible forms, and for no range’ of the parameters — 
that specify it must it lose its characteristic. shape. dt must be smooth, 
; without waves, and without negative frequencies. _ It is true that waves will 
be exhibited legitimately by multi- modal distributions, but these must be 
considered as the superposition of several uni-modal distributions. 
(b) It should be capable of assuming indefinite skewness. Since_ the 
| factors that « cause skewness in the frequency o of a set of variations are not 
deviations from the normal may be assumed in some way to be 
connected. with | the fact that, usually, the variate is definitely bounded, the 
- deviation from the normal | occurring from the fact that the variate im 
minimum value, but no definite ‘maximum. Ina representative | curve 


one may require’ that its skewness be a simple function of ‘its end ‘point. 
The function with one end point is here termed ‘ ‘partly bounded,” that , with — 


(c) curve must be specifiable completely by ‘moments no higher 


than the third. Should it have more parameters than may be so specified, then | 


it must be possible to find some extra-statistical means of determining them. ag 


‘Bince the: probable errors 1 in the parameters increase greatly with the order 


of the x moments necessary to “specify them, it becomes necessary to search 


for some physical substitutes for these ‘moments. Two such ‘substitutes, it 


_ “Skew Frequency Curves in Biology and Statiaties” by J. C. “Kapteyn and 


Let seq. 


j 
rg 
7 1105 
1105 — 
de 
| 
im 
3 
— 
— 
d 
t 
— 
‘ ne 
Be 
y 
— 
— 
; 
— 
a 
ake 
4 
: 
| 
— | 
— 
= 


AN M METRIC PROB ABILITY. 


te (d) The s curve must be simple to apply. Considering all the uncertainty 


that Hen at the base of the theory of frequency functions, the ; information 
"derived from their use is certainly not worth the expenditure of great labor 


2— 


—The artly Bounded Function.— _—Consider, first, the function: 


which | is s defined from z = — bt to “ = This function which is a first 
extension of the normal, admits of analysis. The 
_ study of it will be a guide in determining th the ‘parameters | of. the totally 
Notice, in first place, that Equation (11) is similar the 
logarithmically transformed function, Equation (10), differing from it only 


in the power, c’, to which it is raised. The difference i is fundamental, how- 
ever. It is just this added parameter, ¢, that 1 makes Equation (11) more 


han a “normal” for the logarithms of the variate and which brings about a 


remarkable simplification of the formulas. . It is this c, indeed, that 
i Equ ation (11) a true generalization of ‘Equation (1), as will be shown 


2. 


qu 


The diseussion that follows immediately is a mathematical investigation 


‘the properties of this function. By the usual method of moments' the 


arameters, a, b, c, and d, are determined in terms of the ‘moments, Ha, Pos Hy 


the data and es total frequency, Bui’ The investigation, which is given 
re for * the first time, is _ developed with sufficient detail to enable the reader 


eri versed i in ‘mathematical manipulations: to follow each’ | step 0 of the 
reasoning. aa must be kept in mind that the analysis justifies the use mf 


this | curve only in so far as it shows that the function Equation (11) meets 


The reader v who i is ; willing to take for granted the accuracy y of the follow- 
: ing analysis m may omit the remainder of this section and proceed to Section — 


> where > the formulas obtained in Section | II are tabulated nd their 


The Let Ss .=t the power of the variations; a; thet 


= that, for instance, ia = the total frequency. Now, require these 
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To integrate, let th en, =@& — 
> 
gh aN aN bd eon 


Equation 3 is “a sum of integrals: type, ek: 


Completing ‘the square of the in ‘the ‘integrand: 


e act de 


known result « of the integr sulus Using ‘this result i in 


A: 


& 


awh 


gives four each for = 2, and 3) with which to 
determine the constants, a, and d, in terms of sums, 


To solve Equation (17) let, 


‘then E iquation may be written: 


“Advanced Calculus”, Caleulus”, by 
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pe 


d M. + 3 (b d)’ (b Mo.. (20d) 
Now, — = dw, (A = 1, 2,. 3), in which, according to the usual con- : 
vention, By is the Ath moment. ‘Dividing E quations (206) » (20), and ( (20d) 
a set which a has n eliminated. The usual simplification may now 


which in no w way the of the results, obtained 
Now, let k so that 


ba kl, from E quations (22 
1 
— equation in which all the of the curve except c have dis- 
“Let s ond t = P—1. Then, Equation (23), becomes: 
= 


= 


<< 
— 
Laz 
— 
— 
— 
— 
a7 
© 
— 
— 
— 
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a cubic with one real root equal to: 


+ 


A 


a 
definition, k = Therefore, fr from quation 


and, finally, s since by Equation | (7), =N= 


_The Duration Curve.—The probability that the variate 
— b (the zero of the function) and z is 
Y= by log (e+ dx 
use of the of Article 2, Section II, 
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and the duration curve 


This is the ordinary probability integral with c log 


= 
__5-—The Element ts o om 


(a) The End ‘Point: Ww hen the « ‘curve because 
‘eee are no real values of y for x = bicil, “ Since, for ev ery real value of t there 
a is one and only « one real value of B and, conversely, it is a mere | matter of 
convenience whether ¢ or B is designated the coefficient of skewness. s. W ith 


this in mind, it is seen from Equation QT) that the skewness of the curve: 


“Wis 
a a simple function of its end point, as was required of it in a Article " 


— 


Section II. In general, however, the end point of the ‘curve does not core 


respond to the zero of the data. ‘if one is quite sure of the zero, then this 
value may be taken for db, in terms of which, a a, c, and d may be computed 


by a (26) to (29). Ww hen this i is done the third moments of the curve 


in the third higher moments is not ‘a good criterion 


(b) The Mode: To obtain the mode, =, 


NE 
Lae For finite values of x >= d this « expression vanishes when the logarithmic 
ivan vani iat is, when d (x + b) = 1. So that the mode is at: rs 


(c) The Median: To obtain the 
= 


4 th 


let u = (2 so 1 
— 

— 

— 
— 
— 

— 
— if 
— 

— 

— 

— 

— 

— 
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which, for : r all values of t, is reid Equation (36) it is seen that 


the median always lies between the ane and the mean. 


Te 6—The N ormal Curve as a Limiting Form —The next step | is to inquire 

of what shape this curve will have as is t approaches. 0; that is, § as the skewness 

th & er. 


in which, eisa small quantity that with ht 

Now, b d = =1+—f/+.. the binomial theorem; or, 


a 

| — 

— 

| 

— 

ial 

— 

ise 

— 

— 

a 

— 

4 

— 

— 

— 

— 

— 


‘ 


> 


in which, 0 0 *) i isa small quantity that vanishes with ¢. 


c log d(x. +b) lo log Ld (x 4 + 


| 


>| 0.0 

ae! 0.4 

= of) one The existence of this limit (Equation « 41) may be shown by applying the freq 


-1.—The Computation of the ‘Parameters. ‘fit the curve ‘to a set of data = 


compute the the ‘moments, and Pa, in in the usual il way ; then compute = 


of 
followed by A, B, a nd t (Equation (25)). it will be found convenient | to. 


In terms of these quantities the parameters are: 


» 


— 


2.303 logy (t* + 1) 


4 5 "Since ‘Equation (8a) is we most sn form i in which ‘the normal curve eis: 

tabulated, the quantities, a and of 2c, are ‘computed instead of 


gives: the values of these parameters selected values of 


1. He is not 1, this table may ay be w used with ” and & 


— 


— 
‘al 

J 

7 
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q 
a 

a 
q 
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4 
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logarithmic probability ‘paper. In using such a table, however, itr must be 


also help. 


YM 


‘heat 


' 
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0 
0 
0 
0. 
0. 
0 
0 
0 
0 
0 


5 " T able 2 has been constructed to § give ‘deviations from the mean for — 


frequencies (given herein as percentages of time), and is similar to tables 


“constructed by H. Alden F Foster, , M. Am. Soe. C. E. » for Pearson’s Type Ilr 
curve. Only extreme values are , given, as this curve plots fairly straight on 


remembered tl that appearance, particularly « of a graph “plotted ‘on logarithmic 
probability pa paper, is no test of the goodness of fit. 


TABLE 2.—SuHortT TABLE OF Extreme Upper VALUE (CV) = =1 


7 


| | 1 | ©1 | 0.01 0.001 | 0.0001 | 0.00001) 0.000001 


Wy 


STAT AAA Cr Crh CO GO 


ie 


09 09 09.09 69 69 G9 69 69 09 6969.69 09 RO RO 


to 
a 


point ‘that will be useful ‘in plotting th the. curve ‘is ‘the smode, 


If there is sufficient the end point, ill 


Example a.—A problem wi worked out in full detail will illustrate the 
application of these formulas. The first problem | analyzed is that given by 
Theoretica Frequency Curves and Their Application to Engineering Problems”, 

y H. Alden Fo . Am. Soc. C. ‘B., Am. Cc E., Vol. LXXXVIT 
16“Probability and Engineering Uses”, by by. Thornton Fry, Chapter IX, N. 


LITY FUNCTION 1113. — 
iol ‘TABLE 1.—Vatues oF THE PARAMETERS — Lo 
7 @ ..... | 643 | 1.5454 555 | 1.6996 812 
735 | 1.7217 361 | 1.5223 036 
777 | 1.8130 | | 1.4550 781 
818 | 1.9065 223 | 1.3976 620 
1) 857 | 2.0023 | | 1.3479 564 
895 | 2.1008 | 1.3041 
931 | 2.2001 .074 | 1.2656 7500 
966 | 2.3007 | 1.2315 
7 000 | 2.4021 | 1.2012 284000 
| 
— 
— 
7 — 
ae 
—1.28 | + B3 | | 3.72] 4.26] 4.75 | 5.20] 5.61 | 
d 0.2.....) —1.25 | + 9 | 42 4.91] 5.58 | 6.20] 6.78 
—1.23 | + 4 4.70] 5.62] 6.50) 7.36] 8.19 | 9.03 
1€ 0.6.....] —1.20 4+ 9 | | 5.25 7.56 | 8.73] 9.89 | 11.07 | — 
0.8......| —1.16 | + 1 | | 5.80] 7.24] 8.71] 10:26| 11.81 | 13.44 
—1.12 | + -70 6.40] 8.20} 10.10 | 12.00] 13.90 16.50 4 — 
—1.09 | 4 6| 9.03 | 7.03] 9.16 | 11.48 | 14.03] 16.74 19.74 
1.05 | 5 | | 7.60 | 10.19 | 13.00] 16.15] 19.22 | 23.60 
16.....] —1.03 | 6 | | 8.29 | 11.25 | 14.66 | 18.56 | 22.89 | 27.87 4 — 
—1.00 96 | 8.91 | 12.32 | 16.34 | 21.02 | 26.34 | 32.50 
24| 9.54 | 13.43 | 18.11 | 23.66 | 29.99 | 37.78 
2.2.....] —0.94 50 | 10.12 | 14.49 | 19.85 | 26.34 | 33.91 | 43.08 
—0191 76 | 10.71 | 15.58 | 21.67 | 29:30] 38.03 | 49.21 
2.6.....| —0.89 99 | 11.28 | 16.64 | 23.48 | 31.84 | 42.57 | 55.04 
—0.87 21 | 11.82 | 17.70 | 25.18 | 34.80 | 46.94 61.26 
3.0.....| —0.84 42 | 12.34 | 18.77 | 27.15 | 37.85 | 51.00 | 67.78 wk 
—0.82 61 | 12.83 | 19.72 | 28.77 | 40.89 | 55.60 | 74.70 
0.81 78 | 13.33 | 20.80 | 30.61 | 43.91 | 60.27 | 81.75 
gg 70 12 72 | 91 72 | 29 2 4G R2 84 00 BQ R27 
be 
— 
— 
= 
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2 ‘Elderton,” which | is based upon | a set of data to ‘which he fits a transition zz 
Type curve. This particular problem was chosen because it is one ng 
which Pearson’ curve breaks up into an L-shape. Furthermore, Pearson’ 


Type e III curve may be ‘compared fairly | with ‘the 1 writer’s in | that both a are 
specie by the parameters. The data are listed in Table 


me 951). id 


ia 


Wuicu Ex. AMPLE a Is. &B ASED (N 

‘Observed frequency s Type of writer’s curve 


Elderton, p. 90, 1927. 


Although the frequencies of Column (3), Table 38, are quite close to the r 
_ observed frequencies, the mid- ordinates of Pearson’ 's curve show it to be af 
poor representative of this distribution, as ‘may ‘be seen by to the 
illustration in Elderton’s book. Elderton gives the elements: The mean 
at = 2.335; = 1.442 (/ = = 1.730) ; an and, He = 
ai = 1.042 + 2. 022 = 1.042 + 1. 401 = = 2.463 
1.042 — 1.421 = — 0.379 
course, this of ¢ could have ‘obtained closely enough from 
‘compute the quantities: t+ 1.345: t + 861; 
+ = 1.178; and, 9. 303 . . Yor H= = 0. 574, With thes these 
values, the parameters | of the “curve may | be computed, as follows: 
: 
17“Krequency Curves and Correlation”, = W. P. 
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q 
0. 861 1.178 


- The ordinates of | the curve are e computed | by constructing Table 4, each ~ 


column being constructed from "preceding columns. The values in Column 


TABLE —Comp UTATION | 1 FOR DETERMINING OF 


4 log (Column | 2.303 X ¥ 
d(z log iColamn (4))| (Column 


- 
> 


(6) are from tables of Equation (8a). compiled by ‘Messrs, Mills and 


rt.” The mo mode isatz = — —b= — 0.75; X = 2.3835 — 


= 1.375; and, y= 313 x | 0.3989 = 125. The end point is at s = — 1.934; © 


and = 2.835 — 1.934 = = 04. 
nie eet b.—The next problem is one “given ven by F isher,” who makes the 
sta tement that the ; statistical assistants —s* on the problem were unable 
fit ‘the data by ‘means of Pearson’ ’s curves. 
be Fisher uses the logarithmically transformed ey ene (10)), as 
_ a generic function . After calculating the values of m _and n for this par- 
a. problem, he then | determines the constants, Cos Cay and Cay | by the method 


of least squares. ‘Unfortunately, not give computed ordinates; 


4 


good a fit. Furthermore, ‘the wok required + to ‘fit these data by ‘the “present 


method i is quite negligible compared to that which Fisher must do to obtai . 


a result that is “satisfactory for all practical purposes”, 


te observed data and the ordinates computed by the poepent method are 


‘Given in Table 5. The elements of this « distribution are the following: : The 


is at « = 5.830, with = 7.245 2.695 ; 19. 502); 


5 93 


“Problems and Tables in Statisti 
Holt & Co, 1925. 
Mathematical Theory of -Proba 
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ility”, by Arne Fisher, 1930, p. 258. 
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Age Groups | 4 


2 


879 | 16 


Example. c.—For this problem the writer has taken a 49- -yr rainfall record 
of Chapel Hill, ‘N. a. In order of ‘magnitude the ose rainfalls are as 


shown in Table 6. elements are: B= @ 0.522 = 49; ‘the mean 


= 47:73; P+ 1.0382; za 6.17; b = 42.1; 2 c= 


As 


J 
TABLE 6.— YEARLY RAINFALL, IN INCHES, un ORDER or 


340 


— 
— 
— 
— Sats 

q B = 1.405; = 0.499 

9.303 log (F + 1) 

— 

ey 

eo 

— 

— 

| 
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tion” 0.5 5, 1. 5, 2.5, ‘ete.), the circles in Fig. 2 representing these points. 
The ordinates for the curve been computed ac according to the 


— 


+ 
e 


J 


Rainfall in Inches 


ii TABLE —Computation OF OrpINATES IN Fic. 


OOOO 


0.003 
0.030 
0.171 
0.401 
0.644 
0.821 
0.921 
0.969 


230 
148 
.080 
.077 
.119 

.158 


2 


“Ie 


“Duration Curves”, by H. 


4 
pave 

a 
— 

ee 
= 
an 
— 
- 
al | 
44.38 | 1.109 4025 — 


FUNC 


Column (7), Table 1, gives ———— for the correspond. 


| ing values of x. To obtain the values in Column (8) i it is necessary to 
select values: of the integral (as given by 

Davenport," 
05 + (Column (7)) = 

to give the area from 0 up to the 


—Tue Most GENERAL Frequency Fun CTION 


instead ‘of computing the third “moment of the distribution, one may deter 
mine, ‘somehow, the lower limit of the v variation; then, through the relation, 


b a. , the constants of the curve can be computed. The two processes 


the diser: epancy 


easy to determine this lower point, In con- 

s ideri ing the heights of a group of men, for instance, one would not be justified 
taking zero as the lower limit of the variation; ft or £t would be 
closer to the avtual limit. ‘ Even if one were to ‘tae 0 as this lower limit, 
however, one would be doing something move rational than taking — @, as 
always done when the > normal curve is used i in 1 connection with such 


In fa fact, even in the most symmetrical considered, 


Tatimited variations do occur: There is a finite that. a run 
heads will occur in tossing a a coin no matter ho how large nm may be; but in 
physical fluctuations ‘these chances: do not usually 
phenomenon i in question | does ‘not exist in these extreme aspects. 
ea Consequently, the problem: at hand is to determine the range of | Variation: 
of a statistical series under consideration. ‘For this determination there are 
two alternatives: Be The 1 range may be determined statistically (which is, in 
effect, Pearson ’s procedure), or, it may be determined fr from purely ph phy: sical 
considerations. statistical ‘determination is a purely formal process 
ich le close to the true answer only when the data are abundant, but 


quite a fair estimate may t be made from non- -statistical considerations of the 


range of fluctuation. of great many physical phenomena. For: instance, 
a stream, will certainly mi run less 1 than dry, and the greatest possible flood 


that can. occur on it is certainly some function of its drainage area, ge0- 


2.—The Totally Bounded | Function. —The construction of a function with 


a both lower and upper limits i is as mple gi general ion of the function already 
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discussed; but the analysis « of i it is not ‘straightforward. - The preceding 
analysis, however, places one in a position to determine the parameters ioe 
the totally bounded function in. terms of its end points. Since it is no 


longer a question of determining these parameters by the method of moments 
(however desirable such a determination may be), the integral curve will be | 


wit! The probability integral will be taken in the form in which it is ‘ek 


For partly bounded function, by substituting for in the preceding 
formulas: "34 a? 


in which, 


= log +o. 


Equations (43) and (44), by an obvious" the following q 


‘set of formulas is obtained for the e totally bounded curve: 


> 


The been introduced to make the second of the 


“curve agree with: that of the statistics. The determination has been empirical — 


and, consequently, this factor may be found to require further modification. 
The considerations that have guided the writer in 1 the present determination — 


are the following: p must approach 1 as g approaches o 00 , and — 1 as b 


approaches © .. Furthermore, the product, pc, must remain finite and deter- | 


minte as g approaches’. 
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Vith these elements the curve represents the most general: 
tance, b » below the mean ends at a ‘distance, it, these points 


é one 7 es with the absolute limits of the statistics, and its mean and stand. 


ard deviation coincides with those of the observed distribution. _ By inspection, 
it is seen that - the partly bounded function discussed in Sections II and II] 


is obtained by permitting either g or recede to , the “other remaining 
finite (in one case, the curve is right- ckewed ; in the other, left-skewed). ~_ 
— ‘The form of this function must now be determined | as g becomes equal 
b; that e curve becomes s symmetrical, but bounded. When g = = 
obviously 1. Assume t that g is nearly equal to so that vi 


Movs 


t from which ‘the nor ena curve i is obtained by stdin b recede to oo , when 


would be to determine the of this: general 
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» 

rade since ‘the condition of termination at the upper end has been. added) 


vints the ‘oun flexible and ‘stable curve of any in use The writer, 


and- however, has found unsurmountable mathematical difficulties on the road 


tion, 7 this goal. Table 8 is a short solution of the probability integral. 
Bill Example d— —To illustrate the use of the most general function given by 


ning Equations (45), the distribution of the flow peaks of the Tennessee River, 
- at Chattanooga Tenn., will be considered. In the 57- -yr daily flow record 


of the , Chattanooga Station there are 2 440 peaks, ranging from a minimum of = 


3 360 cu ft per sec, to a maximum of 361 spy ft per sec. T heir arithmetic 
| was to be 49 550. cu. ft per 


. These peaks were grouped into classes of intervals of 5 000 « cu u ft per sec, . 
80 ‘so that X= = 1 is the mid- ordinate (Cin class units) of the 0—5 000 class, or 

2500; X = 2 is the mid-ordinate of the | 5 000— or 7 500; ete. 
zer flow i is at X A = @, 5, and the mean is M = 10, 41. ‘The limits, b 


‘were taken as 10 and 120 class units, ‘respectively. ‘This. makes the range of 


fluctuation approximately treme to 650 000 cu ft per sec. No justification 


‘is offered for the selection of hon limits. _ They are used merely for illustra- a 
tion. The standard deviation was computed to be 9. 459 class units. i ie 
Substitution in ‘Equations: (45), (450), and (45d), gives d = 16.47, 


= = 1.257, and p = 0.86. In Table 9. three ordinates are ‘solved to illustrate 
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Paper 


computation. 3 shows the observed “cumulative frequencies com- 
pared with the theoretical curve ‘on ex extreme value logarithmic 


g—=z| — og (6) | pe 7 , in 


--—5.410 4.59 125.41 0.0366 | 0.6027 0.506 —0.548 | 0.29116 | 70.88 
—0.41 9.59 | 120.41 | 0.0796 | 1.3107 | +0.2708 | +0.293 | 0.61409 38.59 
79.59 59 40.41 | 2.2170 | 36.5060 | 3.597 |. 3.89 | 0.99995 0.005 


Column Table 9, wa was obtained from the takles Mills” 


= is the deviation in class from the mean. 
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were on the that the n most general 
homograde frequency function is characterized by its standard deviation and 
the maximum possible lower and 1 upper fluctuations from its 1 mean; that: the 
normal is the limiting form of this function when the range is unlimited 
in both "directions; and that the general shape of 


- 
as closely as possible by this most general curve. If the curve be- 


comes” unlimited on one side, the other side remaining limited, the partly 
bounded function of Equation is ‘obtained, the of which has 
the form of the, general function. the two limits are equal, 


symmetrical curve of Equation (49), is obtained 


i As in the case of ‘the ‘normal, the errors of sampling of this distribution 
wea those introduced in determining the mean and the standard deviation, 
J the. errors introduced jo the determination of the > end - points being non- 
a statistical in nature. - Although this does not do « away w with the difficulties 


the responsibility from the of the to those of the 


_ engineer or physicist, who may set limits to the problem from « extra- statistical 


Davenport. only a few values. on the curve we required, ‘able 8 may 
7 4 be used ss fellows: : Suppose it is required to find the flood likely to occur 
0. ).01% of the time (assuming the floods ‘spa in time). Opposite 0.01 
: ct Table 8, _ the value, 3.72, of z is found. | ‘The corresponding value « of x may | 
+4 ow be found by Equation (45a), arranging the computation as follows: es 


encountered i in analyzing skewed frequency distributions, it does shift part 
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him eg fertile and wide field of analysis, the writer wishes to take thi is 
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While employed as as Associate Statistical Engineer by the United ‘States 
Geological § Survey on n the work of the Mississippi Valley Committee, the writer 
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ANALYSIS | OF ‘CONTINUOUS ‘STRUCTURES 
TRAVERSING NG THE ELASTIC | CURVES 


BY RALPH W. WART,! M M. Am. Soc. CE 


A method of analyzing the moments in the members of continuous frames _ 


bya geometrical of the of their ‘lastie cu urves, is presented — 


in this paper. mori pied slope- -deflectio 1 equa ne are not used, | 


and sain rules for the signs of moments, rotations, onli deflections is 


Three basie principles are involved"; 
(1) The angular change of at any two points on the e elastic 
curve of a flexed beam is equal to the area two corresponding 


ections on the - diagram. 
(2) The. curvature mentioned in (1) may be vepuesented as an 


angle which, in radians, is numerically equal to the corresponding M area 


This angle i opposite the center of, part of 


6) For any unit | of the — - - diagram > a triangular traverse of the cor- 


responding unit of the elastic curve can be “constructed. This triangle is 


composed of the tangents and the chord of the elastic curve. The angle be- 7 

tween the tangents is given by Principle (2). Each angle between a tangent 

and the chord i is directly proportional to the opposite side. . This is because 


in beam flexure the angles are so. small that they may be taken as equal a. 
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OF CONTINUOUS STRUCTURES 


“The constructed can n be solv ved if one angle and 


<n ‘A, is equal to the area of the moment diagram =- 


CA and Angle CBA =— The deflection equals: 


alterna’ may be multiplied by 


2. as by Fie. 100). 


fs \ Fig. 2 -Tepresents a span of a continuous beam in flexure which involves 


‘end - slopes, end moments, and end translation as indicated. — In dividing the 


abs 


‘Fre. 1. “Fie. 


AB, and treat de: ‘moment as of triangles, 


ABD and BAC, each ‘Tunning the full length of the | beam. The triangle, ABE, 
isa positive addition to the real M,- triangle and a negative addition to > the 
“ dl M,-triangle : and, therefore, cancels its effect on the final deflection and 


end slope of the span. 


From the center of gravity of Triangle ABD drop a vertical to the tangent 
“through the left end o of t the elastic curve and lay off A; equal to the area of 


mS e ABD. From the center of "gravity of Triangle BAC drop. a vertical 


eg of As to the right end of the beam and draw the horizontal line indicat- 

_ From Fig. AO), it is now Peet to read the following equations: “il 


oe: a to the lower leg of A; and lay off A. equal to ‘Area BAC. Produce the upper 
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Solving: 


Equation (5) will be recognized as deflection equatio... 


Tt will not be used in solutions, but is to illustrate 


"triangle ine, Ai 

would ‘be tangent to elastic curve its ‘Point of but the 


distances from the ends of the beam to the A’ s w 


vould be inconvenient 


he order to illustrate the solution of the moments in a continuous frame 


by the elastic | curve traverse without encumbering the problem | with svoidable 


‘frame e with fixed base columns watelask & a concentrated load a at the center. 


and the beams have equal lengths and cross- sections, 


= 
1 


a 


true triangles in ‘the beam 


1 order to ‘simplify t the e traverse, t ‘the cunshaded wapenaddal area between the 


sing line and the of the. diagram ‘added to the shaded center 


“triangle, thereby forming ‘a. “simple- beam” — - triangle, the middle 

of which combined 


is also: increased by 


$i 


5 ay 

the area of this same trapezo l 


ngle 
by 
| 
— 
> 
cat: 
— 
— 
— 
— 
( 
— 
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curvature in the beam will then be the ‘same as the true. “moments 


were used, and the diagram composed of three 
M b 
ase of which 
the f full the the simple- beam —- - triangle the height 


- area of which are - and - device is used 1 and 


discussed in treatises on “slope deflection” , to which reference may be made, 


_ The deflection curves may now be traversed. — Each angle in the traverse 


is e ual to the area of its corres yonding ape: - trian le. Beginning at the 
eq I g ginning 


bottom of the left column the traverse is as. follows (the signs for the angles” 


needing no discussion as as they are the same as would be used for : azimuth i in 


Me i+ 90° + * + As — A, = 180°. .(6) 
dale of - and the 
angie of members are equal. There being no no side sw sway the triangles wed 
the upper two-thirds of the are equilateral; consequently, =2 Ay 


Therefore, Equation (6) reduces to 3A As 


Substituting » the con corner moments are = . The The moments 3 at th the 


bases of the columns ¢ are and the center moment is 
Equation (6) the corner moments are 
‘the signs of the center moment and column base >moments, 
The joint rotations do ‘not enter into the solution, but the equations are 
formed from the curvature units in the members. This 


traverse 1 method from the slope- -deflection method in 1 which standard equa- 


tions involving joint | rotations are applied. get j 


. “Fig. 4 illustrates th the application of the traverse method to an unsym- 


metrical frame having fixed base columns and ‘subjected ‘to a horizontal 
eS force, P. The material in the frame is assumed. to be uniform and E may | be 


eliminated from the equations. foniding: ath ty Sips 


3 Bulletin 108, Eng. Experiment Station, 
ngineers Handbook, ‘by Hool and Johnson ; ete. 
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— - diagram, Ae : 


= 


& 


M, but, ‘since 


bs; similarly, As 


=k Aw The 


_ angles and courses im the deflected frame constitute a traverse for which 
Ae + As + 


the following equations may be written: > 


+ 90° As = 180°; or, 


As + A bs — 


= 


(8) 


The vertical “deflection of the right end df the beam with reference to the — 


left end is ‘ZerO; or, 7 


mes: 


As E Equation (9) 


Substituting for A; and 


o-—A 


+ + Mo = Ph 


+ = = 


re equal, 


vale big 


h 


Su 


9 and then substituting for for A, its 


As for Ay in in Equations (8) ‘to a2), s 


value. 


EN 


2+ 


+ q 

ke 

Kee q=1 


6k, 


i; ond 


in which, = 

ay) reduces toa | much simpler form. 
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ANALYSIS OF CONTINUOUS STRUCTURES 


In » bration problems of this type the 1 work is greatly ‘simplified, as the 


» are 


a beam 


aes 


= 


one end and with a support. whidh has settled 1 in. at the other. ~The — 

of inertia and the modulus of elasticity both be “variable. From 

i Maxwell’s theorem, the final distortion of f the beam from the combined action 

external forces s may be treated as ‘the: sum of the distortions, due 


beam would be a ie 5(c)), i in is area of the 


area. 

a compute appurtenant iagram due to 

the eantilever uplift of the trial reaction n acting alone, and locate its center 


of gravity, distant from the right end, as shown thee line 


Fig. 5(b). The Ar and its uplift at the end of beam 


b x Trial can now be added to the traverse as shown in Fig. 5(c)- 


The 
— 
nu 
— h ee: 
— ig. 5, which represents 
settled support is illustrated 
Prece 
Ly 
diagram 
29 as End 
Pret 
a 
— 
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The value of R to raise the right end of the beam to 


Trial + Xx ‘Trial R 
; With the value of R determined, the moments may be ated by statics. a, 
at Traverse Mernop a Susstirute ror THEOREM oF THREE 
i ies Fig. 6 represents a series of continuous equal spans with a moment at 
. the » right end. The traverse method furnishes a quick and easy solution for 
7 all the moments and all the slopes of the elastic curve over the supports by | 
‘the following construction : Beginning at the left end of Fig. 6(c) draw 


4 


LOADING © | 4 


Ee 

fe 
= 

a 


bs 


wel 


nt 


on at 


Relative 


4 traverse triangle for the flexure ‘of the elastic curve of the left span. A 


‘ 


low altitude for this triangle should be used, but no particular ‘scale for 


is necessary. the ap the diagram to 


Throug 


q 
— 
— 
— 
4 
4 — 
___ 
receding Moment 
A 
i 
to 
— 
ter 
ine 
c) 
he one-third span length of the second span. 


ANALYSIS oF CONTINUOUS 


measure the moment at support to its Te 


a is or negative. All angles in Fig. can be 


quickly summation and the products 


As 


As 

a a support is ta 
Ww ith the horizontal is the 1 ‘measure of the. slope of the “elastic curve at the 
support and is obtained by For example, the relative over 


angle is at the angle point. Signs are omitted as unnecessary be- 


cause the picture of the flexure the direction of moments. Below 
Fig. 6(c) are shown the relative magnitude of the moments at | the supports, 


. 


the relative magnitude of the end ‘slopes, and the ratio of each moment to the 
preceding moment. Fig. shows the traverse for the ‘same | system with 


the left end fixed. 1 Note that the numerical series for moments in Fig. 6(¢ ) 


shy same for in and vice 


“ing moment will be 3. 73205. The between this ratio and the 
at the fourth support in Fig. 6 is negligible i in practical design. a i 
be ‘The application of the traverse method to ‘unequal s; span lengths and loaded 
spans can be demonstrated by a problem solved by H. Nishkian 


and Steinman, | Members, 4 Am. Soe. For ‘the ‘present purpose, 
7 need not be, and is not,  Free- hand sketching is 


recommended | in practical work. | It is known n that negative moments will 


occur over the supports. Sketch in the four "moment triangles, 


and | Ay illustrating the existence of such _moments. Draw ‘simple moment 
diagrams for the loading of each span using either the upper lines of of the 


moment triangles for shown, 0 or or, if desired, using 
sa base. It will make no difference 

in the computations which i is used. De 
verticals: through the centers of gravity of ‘moment 


riangles (at the third points | of the beam) and through the centers of eras 


p. 10, Fig. 


ay 


das Transactions, Am. Soe. C. E., Vol. 90 (1927) 


the third is, — +1 — In Fig. the value each 


rear. 


Papers 
rt Point 4 draw Line 4-4 passing through the third support. Draw Line 

— 
= 

— — 

= 7 

4 
— 

— 
= he right 
2 =a end. For example, in Fig. 6(c), if the right end moment is 3000, the ; 
j- moment at the second support will be x 3000. 

ne m pe abeha ame mom a 

|i 
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of moment diagrams, which, 


the beam. 


angle with the unsprung beam. Draw Line A 


second support and extend it to the Ww ith the T- line : at + 


the 
vith 


The Draw Line A, A: passing through - men ‘support and extended to the vertical 
through one-third length of ‘the second ‘span. Draw the line from 


the through A: to the vertical through the center of span at Ap 


—_ Draw Line A, A; to pass over the third support, intersecting the T-line 
As s+ Continue this line sequence to the right end of the beam. 
can now be solved values of the a rangles, siving the 


lagrams 


that — = — and — Solving these 
and reducing them t to their momen 


8 support, 92 666 ft-lb. The T-lines are on the centers of gravity of 


will combined abutting neg: moment + triangles" and this accounts 
Ay for their mechanical significance. ta + 


traverse method can n be ome: for of variable moment of inertia 


relative -areas for equal end Tables: introduced® by” Walter 
Ruppel, Assoc. M. Am. Soc. C. E., 

5 Transactions, Am. Boe. Voi. 90 (1927), P. 3. 


this case, are at the centers of 
Che x 4 
OWS 
4 
— 
a 
— 
| 
| 
— 
} 
a 
1 
— 
4 

— 
== 
— 
— 


to 1 which the tables apply. 


are unknown to the writer. - Settlement of beng and | side sway anal 
incorporated in the geometry fa ay cn 


A 


tbe | For the design of a member i ina building of many stories and many bays, 


traverses: in the form of Fig. | 6 can be distributed vertically and horizontally to 
columns and girders at. the ends” of the member. If the columns are 
compared with the girders they may be assumed to be fixed dat 
“floors above and below the joint in question, while the girders may be 
sumed to have a ratio of moment at the joint in question to moment at ‘the 
one panel length» distant, based on the factors” indicated by Fig. 6 
modified by an allowance for the joint ‘stiffening effect of the columns. 

a will b be found that a member can be e designed quite satisfactorily by using 
moderately accurate judgment ‘as to these moment ratios. If precision is 

. oe and time is. available the traverses m may be extended two panel lengths, 


more, from the member under consideration. 


| 


For the derivation | of the basic formula for moments in single-span beams, 
teed at one or at both ends, the traverse method offers alternate solutions 


which ‘require a small fraction of the effort involved in the method of 
cessive it found in ‘textbooks on mechanics. 


= 


~ 


The continuous structures by yy traversing their elastic 
solutions that are easily understood and for which diagrams that clearly 

the can be drawn. The for the sis 


in the first lessons on beam stresses. 


method relieve es the analyst from remembering or he olding: for reference 


the various forms of the three- moment equations or the slope- -deflection 
equations. It ‘requires no more analytical effort or labor. of “computation than 


¥ 
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= 
= 
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RELATION BETWEEN RAINFALL AND RUN- OFF 


FROM 4 SMALL ‘URBAN — 
By Ww. Ww. HORNER," AM. “Soc. 

. FLYNT,? Assoc. M. AM. Soc. Bew 


7 


> 


_ whe areas in St. L tes, 
of the run- off from parts of city blocks tributary to street 
inlets and from both roofs and ground surface of another entire city block. 
The information. submitted results: from measurements of rainfall and storm 


“flow for practically all heavy rains occurring from 1914 to. 1933. The 
run- -off to “rainfall, defined in several ways, is to vary over a 


Rainfall rates at ets: of the locations studied are reduced and developed 


into frequency diagrams, and these three rainfall studies, with one other, 


are combined into a master frequency study for the ‘general Run- 

off is also studied as an independent phenomenon; the run-off frequency 

rves are developed in a form similar to the rainfall diagrams. 
i459 


‘The two sets of curves are considered to be comparable as representing 
equivalent probabilities of occurrence. — Ratios are then developed between 


corresponding values. Within certain limits, it is suggested that these ratios 
a may be applied to proper rainfall frequency curves for other localities and 


will give approximate run- -off values for similar conditions of surface. sf. 


Suggestions offered as to how the determined for specific 


is 


at definite number segregated a1 areas cas of b bare ost onl of 


this will be closed in January, 1935 Proceedings. 
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RAINFALL: AND RUN- OFF FROM URBAN AREAS. 


In 1908, of the writers had developed an application of the 
: method of sewer « design, for the City of St. ‘Louis. The form of treatment 
and the mechanics of the , application were considered satisfactory ; | but there : 


was was little information then a available as to necessary ratios between rain- 
fall and run-o -off under specific conditions. A proper development of the 


of urban drainage required | the provision of dependable factors 
indicating the ‘relation between rainfall Sak yen -off for a wide rang oe of. 

Funds were made available by ‘the City “research 

L& In 1910, three 1 tipping- -bucket rain ‘gauges were installed in the 


§00-acre Clarendon drainage area, (see. Points 1, and 3, Fig. 1) and about 


TIPPING BUCKET GAUGES 
hawmut and Ridge Avenues = 


oo. Kingshighway and Enright Avenues 

3-Union and Patton Avenues 


-Calvary and Florrisant Avenues 
Louis University c 


ten water- lovel gauges in main trunk s Sewell The thus secured 


Tentative were and "the factors have been 
in St. Louis, but, heretofore, no thorough study dy has completed 


When the characteristics of the f flow in the main trunk sewer came to be 
scrutinized, it was apparent that a closer view of the basic relations might | 


be secured from an @ examination ‘of the ‘Tun- -off phenomena from smaller 
areas. Therefore, a study Was undertaken of two inlet areas at Belt and 
Say Ridge Avenues and at City” Block No. 4841 (Stations A and B, Fig. 1), inv 
volving the run-off from entire city blocks, exclusive of that from the roofs 


@ residential | erate Later, a gauge was installed in a lateral s sewer near — 


a third block, ‘including that from was made available for 
The result of observations in these three city blocks, during heavy rains, * 


In the course of this more - detailed study, a better acquaintance with 


‘a the: effect of soil characteristics and conditions upon run-off became desirable. 


“Impressed with the the sprinkling tests, made by the Miami 


| 


4 
+ 
‘ — 
rf 
Forest] Station C,Ewing and Washington Avenues 
— 
— 
; 
| 
4 


al using somewhat more elaborate and refined methods. The result of a part — 
ot of this work has been published. All the data are given in the unpublished _ 
re “Appendices: ‘filed in Engineering Societies Library, 29 West 39th Street, 
n- 4 New York, Included these records i is also ‘the: result of a similar 
ne series of tests, , conducted under the supervision ‘of one of the _writers, 
connection with the studies for storm-sewer design for D allas, Tex, 
PL ART 1- —Srupy OF THE Run-Orr F ACTOR BY THE Unit-Graru Mrrnop 
ch “Instruments and Installations. - —For each of the three city 
he - (Stations A, B, and C, Fig. 1). the pertinent information as as to surface con-— 


sand slopes, etc., is shown in Figs. 2 to 5, inclusive, and in Table 1. During 


TABLE 1 —B Asic INFORMATION PERTAINING TO AREAS A, B, AND Fic. 1 


al Tora AREA TRIBUTARY TO THE Gaver 


AREA IN ENTIRE 4 


= = | 2 | @ 
om 3 2/32) 3 | 8] 


(2) AREA A (BELT AND Ripce AvENUES; SEE Fic. 2) 


Impervious: 
Roofs and porches....| 4 356); 42 255|0.97 42 
Paved yards and walks|12 199 


ArEA B (City Biock See Fig. 3) 


Streets and sidewalks. 4872|)) 4 
Roofs and porches. . 1 932]} 40 916].... a eed. 81 126 

ht 142 358]3.27|100 142 158|3 27|100 
ler (c) Area C (Ewine anp Wasuineton Avenues; See Fic. 4) 

39 888| 1136 576|3.14| 72.4/39 88s|'136 14| 72. 1 + 
ie e e period of the tests, a few changes took place in the 

the only one of importance resulting from the erecti n of an apart- 
‘ment house at the corn of Belt and Ridge Avenues. ‘The data a for 
the and the ending of the test are shown in Table 


a 
— 
a 
— 
— 
a 
= 
= — 
— 
— 
4 
— 
— 
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1.07] 49 |}..... 
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of for ‘Inlet Area Tests 
run- -off measured by recording the head 
4 -in. steel plate with bronze edges. At Station A and for, ‘Station B, ‘the 


A.) 


- 


a 


{Loan 


—_ 


4 


4 
APPE: ARA} NCE OF PROPERTY 
(a) . 4 (b) AREA 


of | the At Station ¢, the weir installed in 


‘into the brick sewer iteclf. In ‘each instance, the head on the weir was 


measured by | a connected with a recording clock gauge. 


= 


and Ridge for peeing Referring to Fig. 3, area D, was 
| udged 1 to yield” practically no _Tun- -off. The yard 1 marked, (Fig. 
Tas found to have several small sumps, so that water from this yard did not 


Teach t the gauge. . Co nse quently, it was assumed that water from all ‘storms 


see Fig. . 4), the rainfall was measured by. a standard 


At Station (see 
tipping- -bucket gauge on a building adjacent the upper of the bl 
At Stations A and B, home- made rain gauges were installed in - such a way” 
‘clock ‘gauge. ‘These rain calibrated: by known 
“quantities of water into the e stand- pipe and n noting the chart records. 
“supplement ‘these gauges, three tipping- -bucket rain gauges were also avail- 


able at ‘Shawmut and Ridge Avenues, ‘at Kingshighway 
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pers. 

e pervious part consists of small front lawns, some 


—An exami 


wid 


= 


Mek 


\ 


She 


= 


OF SEPTEMBER 


ion ‘ait 2 


toward the center, and the weir pen moving outward from the center. 


_ Celluloid verniers, indicated by the shaded rectangular areas, make it pos- 


sible to read the time scales to the nearest minute. Since the rain pen is 
g _ a home-made addition to the gauge, it does not follow the printed time lines, 
Pl the apparent time of the ‘rain record must be corrected to clock time. 

Fig. 7 shows the curves obtained by plotting the information obtained from 


a 


Fic. 6.—RAINFALL AND RUN-Orr RecorD, Station A; 
4 


| 


— 
a 
— 
— 
‘Fig. 3, nearly all the per 
— and some bare soil. At Area art generally 
— £-some-small separated plots alt & typical chart for Be 
ion of Records of a from the outer circle 
— 
A 
— 
reduced and p in the detail of handling 1ts a 
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Run- Off —To introduce the factors that enter into the 
yainfall-run-off problem, the following discussion of a hypothetical case 


4 


Fig. 8 represents the Mairi 
of an inclined \ - bate 


plane with | a pervious 


surface, exposed 
— 
rainfall Of uniform 


Let = inten- 
or, of rain- 


Rainfall in Hour 
Rate of Run-off in Cu Ft per Sec per here 
|. | 


= 


in per hour; 
= residual r rainfall 
“available for Tun- 


@ 


of 


= 


off begins; V = = veloc- 


iy. of water the vag “AG q, AT STATION A, 


— 


Water Lost by 
_and Absorption 


Water Retained on Surface 
After Cessation of Run- “off 


«@ Volume Curves 


Volume of Water 


Beginning of 
Rainfall 


re 
Beginning of 
+e) 


d 


I, pin 
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4 "RAINFALL AND RUN-OFF FROM “URBAN AREAS a Papers 
moving film; rate of run-o off ; t= = duration a rain. Point 4A 
represents the beginning of the ‘rainfall For a time, the rate, (a + e), 
greater than i and no water can accumulate « ‘on the surface; but since i is 
“constant and (a + e) is decreasing, eventually (a +e) = ipa as at Point c. 
| Fig. 8, when ‘the surface film | begins to form and I begins to have a) posi- 
tive value. The water in this film is subject to two opposing f forces: me) 
“a of the force of gravity which tends to cause motion on the plane; 
and (2) surface tension which tends to oppose this motion. As the rate, 
e), decreases, the depth of film, increases until the critical depth, for 
is ¢ attained, as at Point EB, Fig. 8, when ‘run-off begins. - Under the » assumed 


conditions, run-off would begin. simultaneously over the entire area. ag 


-i ‘Frictional resistance, which tends to reduce acceleration, increases with 
the velocity and decreases with the depth. peli a= a ‘the values of f ‘and v 


a t+ e) would approach zero as a iimit, and the values of T and Q would 
pproach i asa limit, as indicated i in the diagrams by Points B’, dD, ‘and F, 
Fig. 8. F rom this. time on, the - product, f ~ ‘Y, at all points" on the plane 
would be constant, § as would the ‘total volume of water in transit, represented 


the on the ordinates between lines, CD and on Fig. 
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water in transit, by the line, Se), wal “till be 


" available for run- -off which would continue at a decreasing rate until the 
moving film was reduced to the critical depth, fe, as at Point G, when run- 
off would cease; the water retained w would eventually y be absorbed or 

. Actual Areas.— —Many factors 1 not considered in the hypothetical case , are 


contiguous planes; the slopes’ ‘may ‘range from horizontal for tennis. 
courts, to vertical for building walls; t the permeability of the component sur 
faces may likewise vary over a wide e range, from asphalt street paving to grass 


plots and cultivated ground. ~The actual area m contain | well-defined water 


<a Depressed areas may be present into which water drains 2 and thus hachents 


_ trapped ; this drainage never reaches the inlet, but eventually is absorbed or 


P evaporated. . Such a condition may be designated as retention by pondage. If 
the iss shallow, it be filled and then contribute its overflow 
oe the run-off; or, the depression may shave ¢ an outlet that is too small to drain 
- the water as fast as it falls. This water will appear in 1 the total run-off, but a 


detention will have an effort | upon rate of run 


nvolved i in an actual inlet let area. I It is not a a plane surface, but a collection of 


; Aa inlet area is iin por ae as a unit, pen the run-off from it is studied as 
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4 " Unit Graph —Fig. 9 is a typical example at a rainfall-run- off graph as 
eer from the local records. A study of these graphs shows that the 
a reduction in height of the run- -off peaks, as compared | with the ri rainfall ll peaks, 


; not entirely due to the loss of water by absorption a and ev vaporation. sie is 


¥ 
Water Which Never 
Reaches Inlet 
(Absorbed and 


vy: 


sperHour 
r Sec perAcre 


hes 


it Rate in Inc’ 
ate in Cu Ft 


Rainfa 


Run-off R 


‘of Mass 
Rainfall |© Min. 


— 

‘Time (P.M. Value of Time, t 

ATE CURVES FOR RAINFALL AND ‘Fie. 10.—UnIT REPRESENTING 


RUN-OFF, STATION Gs RAIN oF OF ‘THEORETICAL RUN- OFF RESULTING 
20 FROM RAINFALL ON FOR 


. due partly to the fact that run- -off i ‘is spread over a greater ties me interval than 


‘rainfall. if some method could be found to separate these two rate- e-reducing 7 
effects of loss s by absorption and of distribution of the 1 run-off in time, it would 7 
be possible | to “measure the absorption and evaporation characteristics of the 


a ollowing i is an ats of a method of nlpad based upon a a theoretical 


unit graph showing ‘the probable. distribution i in of the run-off “resulting 


In Fig. 10, the rectangle, Oi, represents the volume of 1 min of uniform 


rainfall. The rectangle, OI, , Tepresents the volume. of this rs rainfall which will 


< The shape of of the “run-off unit graph was | derived from | a study of the 
records of a few short rains of fairly uniform intensities, the e equations for: the - 
two branches being entirely empirical. The quantiti es, Qa and Qa, respec- 
tively, are the ascending and descending instantaneous values of Q resulting — 


from a ‘rainfall of unit duration on a unit a area; Q, 


is the maximum value of vt 
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"RAINFALL AND RUN-OFF ‘URBAN 
Qa and Qu; t is the time measured from the beginning of the rainfall; ¢, is a 


he lag, o or the value of ¢ at Qm: and j j and k are arbitrary mann oy or the b 
values of the equation of the line, OA, is: 


4 

values, the of ‘the: line, 


Equations (1) ‘and (2) when ¢ = ti, Qa = = @ Qs = On 
a Integrating and adding Equations (1) and (2), the p thle the unit 


dt + — = Qn ( + 1). 


Rate of Run-off in Cu Ft 


of Qm is 1 found be: 


“a 


The ne j ait ik in Equations (1) to (4) can be determined only by 
trial. After many rains had been investigated, it was found that, for fipotions 


A B, values of 1.0 and k = 1.2 and, for Station C, values j=? 2 
and k= = = 2 gave the best results (see Fig. 11). 

—ComMPUTATION OF 100% Row- Orr or VALUES OF 

3 
ued? te Quantities of run-off, Q, at he Quantities of run-off, Q, at $1 
was successive values of time,}| || suecessive values of dura- 
auth: iy = tion period, J, in minutes a 
0 

and corresponding values i Q off | and corresponding values 

of rainfall intensity, ¢, in ‘ ar fa r of rainfall intensity, i, in 4) 
| inches per hour inches perhour 

2|4 6 | 3 6 

0 .007|0 .026/0.077/0. 077 0.052 
0 .004/0 .013/0.039)0 .039/0 .026 
:0 
4 
. .-|0.026/0. 
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Fig. 12 and Table 2 show the ‘method of ‘computing the and 
h 
plotting the 100% run- off or Qe curve for a short. hypothetical rain. 
same method ma may be applied to any rainfall record to find the computed 100% 5 | 
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the rate- lack of the distribution run- in-off, in 1 time, 


7 from the effect due to absorption and evaporation, comparison of the 


- measured run- -off curve with the 100% 
run-off curve shows the of 
evaporation. 
_ herein has reference only to the ‘differ. 
ence in phase between ‘salient features 
| = of the rainfall.and run-off rate curves; 
= its numerical values (which 
“erally | somewhat Tess than the “time of 
0 = = mine with the desired ‘accuracy owing 
678 9 10 au 12 13 14 
tin Minutes to the limitations of the recording in- 


‘Fig, struments. (A full discussion of this 
APPLICATION OF UNIT GRAPH 
(Se Taste 2). Pee nee i‘ subject i is included in the record manv- 


script filed in Engineering Societies 
Observed values, to correction, are taken from the time 
difference between salient features es of t the rainfall and run- off rate curves; or 


hea we 


cre 
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? between t the centers of mass of the rainfall and run-off rate curves. hie 
The comparatively wide range in the lag at each location led to the 


‘inference that the lag was ‘a variable, its value being determined more by 


7 characteristics than | by t the characteristics of the drainage area. Dia 
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trated about certain modal A statistical ptr (see Fig. 14) indicatel 


a the n mean, the median, and the modal values of the lag for e each ocation 


_ were approximately equal, which suggested that the value was nearly constant 
for each station, ¢ , and that t the variations from the mean value were probably. 


o- chance variations which \ were partly explained later by | the discovery o of small 
unsuspected time errors. Each of the plotted points through | which the curves 


in Fig. 14 represents the number investigated 
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(a) ‘STATION A; (b) STATION B; ©) 


5 only 1 three different areas are represented - in the local records, it is 
apes to establish any definite rules for the determination of the lag for a 4 
‘given inlet area. The two stations for which the extreme values of the lag ys 


are indicated (Station A, 4 min; and Station B, 8 min) have widely eg 


3.- oF La, ti, IN Minutes, OBSERVED AT THE THREE 


ten to increa 


lag are combined conditions of slope which have the same tendency. 


am range of ¥ value of the lag for similar 

“msiderable roof drainage, and and the storm water ‘from all parts of ‘the block 
the : sewer after a comparatively short run. _ at the other stations, the 
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reason a — ee cannot be made with the other locations, but the 
results indicate that the lag for a completely ‘sewered area is practically 
the same as that for a s simple inlet : area of comparable § size. ie: 
‘The majority of inlet areas, a at least in St. Louis, would have lags some- 
+" ene between 4 and 8 min. For any ordinary inlet area, a lag of 5 min could 


not be very far from the true value. 


it 


DETERMINATION OF THE Run-Or 


F 


‘The 100% Run-OfF Graph.— —The rates of 100% run-off, te the 
- game method as shown i in Fig. 12 and ‘Table 2, have been plotted as broken 


Hines in 1 Fig. for a ty storm at each station. The lines represent the 


the infrequent dissimilarities are to several causes, ~ example, 


the factors, j and ky in 1 the. formulas may be re | in error due | to the 


rainfall for: ‘single may in error, although the average rate for 


several n minutes may be ‘correct. Furthermore, there may be slight — = 


errors which would | tend 1 to shift th the ‘rainfall and run-o -off peaks one way or 
en other. All these causes would affect the shape of the Q- or 100% run-off 
- curve and, in some cases, their effects might be cumulative and appreciable. 

Except as otherwise stated, , the run- -off factor, P, is defined as the ratio 
_ between 301, the volume of water that has run off from the given area to a 


indeed” most (see Fig. 16) by. corre: 
7 sponding ordinates of the mass curves of the measured run- -off and the 100% 
 yun-o off. Figs and 16(b), the curve would eventually mect 


Typical Storms. —The e storm of September 8, 1926, on Area A (see Fig. ru 
15(a)) begins with a period of high intensity lasting for about 6 ‘min; then of 

‘it falls suddeuly to medium » values which gradually decrease se with some minor [eh 

fluctuations un until the end of the ‘storm. al 
‘The ordinate to the mass curve, (Fig. 16(a)) for any given time is 


S 
| -4 


debbie: to the area c of the rainfall-rate « curve . from the beginning of the 


rain ‘to the given time. Similarly, the and a2 are the hh 
-eurves for the 100% run-off and the measured run- n-off, respectively. 

The graph of the run-off factor, is obtained from 
te 

nu 


ly in the storm. 
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3 ce a 
Louis and then aly 15 and 4 September 15) is 
represented by the storm of August 27, 1921, on Area’ B (Figs. 15(b) oe 
16(b)). This type of storm, with its steadily increasing intensity, results in b. 
higher run- -off rates s than ¢ any y other storm of ‘ccmmeniile 2 magnitude. a 
The run-off factor rises toa maximum value within about 20 min and 
‘remains | practically constant for the remainder of the storm, indicating that 
‘once a certain degree of saturation has been reached, further increases in . 
rainfall rates have little effect. The low value of P and the smoothness of 
‘the y curve a are characteristic of this a area, which is large and flat. ee tee 
‘The rain of September 8, 1920, on Area C (Fig. 15(c)), also begins with 
4 low rainfall intensity and builds up to a climax. The high value of the 
“run-off factor is characteristic of this location which is a completely sewered 
city blo block and not an inlet area as are the others. 
Complete ‘Data.—Curves similar to Fig. 15(a), prepared by the unit-graph 
method for all representative : storms at each location, have been filed with = 
record. ‘manuscript in Engineering So- * 


cieties: Library. these diagrams 


Variation of with Time 


"rainfall rate ge in n dotted 
lines, the 100% run- off curve, Qe, of 


unit- t-graph method, using 1g the values 

of j and k appropriate to the partic- 

ular block under study; and the = 


run off rate curve as determined from 
sev sewer gauges (Qt). For ready i, 
reference, the end values given on 
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each chart; that is, x. or 


run run-off divided by total rainfall. Notes 
of other prior precipitation that would 


“have affected | ground conditions 


Unit- -Graph Method of Determin-— 
ig 


ing Run- Of Factor—These diagrams 
have been studied i in a number of ways. — 


The form of the rainfall- rate curve 
having been ‘altered by the unit- graph 


application, ‘it was expected that the 
ratio. of. simultaneous values of ‘the 


measured run-off, to the calculated = 
0 


run-off, Qo, which could then be de- 5:00 10 
termined, would be fou to. ha ave 
Fic. 17.—VARIATION OF 


ims 


of and Inches pe per Hour 


fairly simple series, of values and a TIME; AREA A, SEPTEMBER 8, 1920 


definite relationship to certain remain- imate or 
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Ratio of Instantaneous Values. —In Fig. 1, ‘the rate ratio 


"pared with the volumetric ratio, - 30," The former is much more 
than 


an the latter, due to the causes: enumerated waies the heading, “Determine 
. tion on of the Run-Off Factor: The 100% Run 1-OF Graph”. it will be noted in 
17 that when the slope of the run-off -off curve” is zero. (at the peaks and 


as at P. .M., 5:19 P.M., 5:31 P.M., the value of is nearly 


wah A practical comparison can 2 be made - ignoring 


exact time and comparing with Oc wy for 

the results of such. a study 0 of all the data are plotted as percentile curves 


on Fi, ig. 18(c). The values coy cover a wide r: range > and no method has been found 
to ec co-ord ordinate them | to ‘other variables. | In Fig. 18(b), the values are > separated 


without distinctive results. seemed that more definitely ‘character 
istic values for each block might result from the use of average peak values 

33 of 5 5-min duration . rather than extreme peak values. ‘The rates thus obtained 


‘shown on Fig. 18(d) and may be compared to Fig. 18(c). 


‘There ‘There is a marked correlation n between tl the ratio of these 5-min peak rate § 


=» an Correlation diagrams, of which 


A a 19 is an example, indicate that the final value of P, , when applied 


the Tun- will a peak run-o off which should 


is not affected by time errors 0 

mcertainty gers: of 7 and k a te unit- -graph formulas, as are the 
‘each of the | of the 100% run-off curve (for a given storm a 
location), as computed by means of the unit- -graph formula, is multiplied | by 


ats 
the final value of the run- -off factor for the given ‘storm, “the resulting curr 
Corns 


usually a agrees fairly well with the measured run-off curve, as shown by the 


The agreement is better in the longer storms, 


storms, especially. if the maximum rainfall intensity oceurs af fter 15 or 


min . of rainfall when the ‘run-off factor curve | has" flattened out, as in Fis 


yum occurs in the storm, the 
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a TABL E 4. -Data Usep IN FREQUENCY Stupy or RAINFALL AND Ron- Orr Rares 


Run-Orr 


| ‘Duration Period, in Minutes | Duration Period, in Minutes > 


9/15/1914)3 .122. 912. 802.472.402.161.771.891.571. 411. 471. 4 1.210. 950.61 610. 540. 500. 600. 590.56 560.5 

} (13) (16) (19) (18) | (14) (17) | 

2/19154. 08/3. 06.2. 402.21)1. 781. 230. 141. 841. 611. 351, -120.870. 640. 520. 600.6 670. .610. 760. 66 
(19) (19) (14); (17) (12) | 
. oat, oat. ae. 830. 890. 730. ne. no. 480.48 48... 

6/27/1915)2. 882. 76 1. 361. 311. 191. 070.81 0.470. 480. 49. 

{10) \(16) (12) |(19) (i7) \(11) (9) 

_* 2/1915)5 722. 722. 461.501. 17....2.812 46 2.121.81/1 0.530. 660. 780. 740. 85... 

03.403.282 2.06 1.98 1.96 1.801.35 

2/1916/6.124.263.3 581. ult. oslo. 74, 


62)... 
782.942. 282.101. 68. 1.741.3711.161. 000.80... 5100. 500. 600. 
mt. 641. 080. 341. am. ul. $50. 750. nb. wo. 660. 700. 


3) 
4/19/1920. 25 .060. .690.34.0.440.500.560.470. 590. 600.57 
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9/ 8/1920)3 302.58 2.55 0.450.46....|... | | 

811. 0.44 0.520.570.590.560.580.590. 


1.111.00 


9/11/1994. 
14) |\(i4) (i) (it) (7) (8) ) 
4/25/1921 3.422.672.341.91 1.561.223.032.592.171. 88 

4/26/1921)1. 1.421.281 140.940.780.530.770.820.860. 
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8/27/1921|5.764 383.863.532.922.431.71)3 1.90 1.330.640. 730.780.760.770.780.780. 


4/14/1922 2.802.201 611 250.86... .0. 470. 86 


1.441.320 57\2.01/1.63)1.170 

18/1924 


.945.485.104.543 582. 440.510. 540.550. 870. 670. 

1.3311. 181-120. 900.72. - (0.690. 850. 63 0.67 

(10), (13)| |(19) |(i6) |(16) (13) |” 

728.1 62.61 1.061.971.9111. 771.6 531.130. 87... 


|(15) 


2.80 0.900.960.890.93|.... 
. .(2.973.012.6 0.800.880.940.96..../.... 
tisy (16) tiny (15) | 
642.081.661.41....|..../2. 25:2 .04:1.761.411.110. 
cued 0. 0. 840. 860. 


11) 
284.473 .643 
7 720 10. 
20. 470.570.640.650.68 
Kia) (ib) (ib) (i) We 
531. 70. 820. ro. 500. 190. 520.580.45 .. 
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a 
— 
= 7 9 
9 
— 
0.550.56.... 
— 
— 
= | 
q 
— 
— 
— 
/28/1925)/3. | 60 
— 
0.740.450.00 4 
@ 8 


ys RAINFAL 


October, 1984 


—(Continued) 


TABLE 


Roun-Orr 


5 | 10 | 15 | 20| 30 | 40| 60 


(ia) (13) (12) (13)| (9) | (7) 
“6/20/1915 753. 772 
(16)| (15) (14)) | 
982. 762.522. 611.421.010.750.720. 690. 640. 5310.43 
(14) (11) ap | 
7/19153.122.822. 12'0.940. 950. 7510.59). . 
(7) 6) \(16) |(16) (16) | 
2/1915/4.924. 243.86 2. “2 101. wo. 73 


(14) | (ia) 


(16) 


Station B, Buock No. 4840000 


a |(16) (7) | (8) | | \(14) 
071.632.061.560 170,920 60.80 ne. 31 


| 
621. 9300. 70. 60/0.660.4910. 20. 340.3400. 
0. 250. 260. 270. 290. 33/0. cx a 
0.280 oe 


(17) \(14)| (14) (12) |(9) (10) |(10)| | 


453, 125. 682. 2.352 1.420. 990. 750. 810. 880. 910. 930. 93/0.94..... 
(2) \(5) (7) | (11) (11) | | | 
4/ sass. 893 . 603.42 53'2.001.491. 621. 471.401. 331. 211.010.740. 290.200. 5110.50 
mins | 
931 1.871.691.561.501.361. 131.081.261.231. 191. 161.03 Too small 0 670.730. 760. 770. 76 


0.490.480.520.520.59 


5/28/1915 2.88 2.642.121. 401.26 1.100.960.740.600.43 
402. 042.0711. an 90 1.821 301.281.261.251 .0810.960.700.53 0.620.610. 0. 57/0.53)0.54 0.60 
8/14/1916 2.522.222.001.741.621 270. 481.411.2811. 130.94 0.800. 600.590.640.640.650. 580.63)0. 0.59 
7/19165 284. 142.90. 671 3511, 120.830.050.420. 320.380.4 5110.49 
on. 633.7 06 1.031. 180.22 220.279. 300. 32 
| 


"tis 
402. 222. O41. 891. 701.45 


(16), | |. 


4) (9) 18), (4) (4) | (13) |(13) |(10) 
564. 143.503 01/2.612.341.101.07 1.010.940.8310. 750.67 


702.242. 981. 56 
) \(12) |(15) |(9) 
043. 7 23/2 .03)1 


(3) \(10) \(5)_|(7)_ (5) 
411.741 


\(i6) \(14) 1(12) \(2) \(2) \(3) |(6) \(9) | 
203. 18/2. 66)2.25)1 1.741. 74:1.511.33 1.050.940. 68! 


0.750. 04)... 


7 961.741 .481.321.03).... 


4.723 .84'3.71/3 302 


4 


(4) | | | 
1.601.54/1.46)1.341.21/0.850.34/0. 420. 410. 440. 42. 


0. 3700. 300. 410. 410. 390. 4110.4 


cee 


29 


0.340.380. 410. 39 


0. 480. 490.53 530. 
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 Ron-Orr 
Period, in Minutes Duration Period, in Minutes | Duration Period, in Minutes | Zi 
| 15| 20| 30/40 | 60! 5 | 10| 15| 20| 30| 40/60! 5 | 
7/16/1923). 68.4.0 44'1.51)1.47/1 42/1 .3910.37(0. 37 0.36 
8/1923)8. 34/7 .8 4.713 151.95 1. 4090. we m0. 0.49 wih 
32/3 .78)3 .32 2.801. 94)1 4411 5011-4 800. 390. 440. 0.53 
8/1926 5. 462. 75\1. 020. 990.930.890.810. 730.530.200.210. 31/0. 330. 3410.30, 0.31 


= * et 


g/11/19163. 4833. 06,2 1.86)1 .66)1.371.020.82). .. oo. 60}. 0.69 
6/ 2/1916)3.72)3 1. 51/0.52/0.5: so. 55}... 
9/ 7/19163 723 302.982 401-72). ..|.... . .|0.53)0. 500.5000. uo, 05 
.96)1 62/1 20/1. .55)1.37/1 . 0.5910. 0.39 g 
9/17/19174. 56/3 0.570. 0.7 
15. 4618-3513. 605-5515. 8715. 0714-88.4. 928.043.2611. 0.97 
202.38). 78/1.42\1 040.88)... 65)0. 710.79/0.84 40. 0.8 
2.84|2.61/2. 12/1. 67/1. 421. 0.48 
\(11) |(10) |(11) (12) (12) | (11) 
7311 .60}1 51)0.560.61)0. -67/0.68 0.69) 0.74 
. .{1..26)1 0. 0.41 3 
9/28/1919 34:4 52/3903. 1.4011 .32)1 0.21 
8/1920)5 04/3 .48)3 20/2. 3 .02|1. 0.88 
1. 11)0.85|1. 13/1.06)1.000.890 7300. 3810. 0.60 
18) |, (2) (2) 3) | | | | 
10/4 . 62/3 . .4614 . 13/3 0.74 
6/23/1924 .64/2 26/1. 0.49 
3 (6) \(6) | \(2) |) |@) 6) (6) 
8/24/1924 .76\4. 86/3 .92'3 .00/2 06/1. 61/1. 104 43/3 . 67/2 7810. 7710.75 0. 730. .770. 750.730.71, 0.78 
6/28/1025 3 (8.4412. 77/2.2311 801.26)... |. ...|0.74 0.94 
9/30/1926)2.40\1 -161.02)0.720.580.700. 77(0.850.840.850.640.77 0.89 
10/ 0.91 
10/ 2/19263 .843 .24)2. 39. 57|2.08 1. 6611. 160.900 6310.88 9500. 0.96 
5/31/1927|2.88)2. salt. + «(2.40/2. 13/1.68)1.40)1 0410. 8200. 


art cass 


— . 
ers oct 

be 
— 
4 

3 

7 

— 
— 


in ‘Relation 0 of ihe Final Value of P > to Other Vi ariables. —In Fig. Fig. 20 a on a 


tempt is to correlate the value of with the various factors 


indicated, | and the only mHO « correlation is. in the case of the maximum | 
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Punses (Baseo ON ‘= 1 AND 


run-off rate for a 5-min period. ‘This indicates that high rates of run-off are 

more likely to be the result of a combination of relatively low rainfall rates 
and high run-off factors than the result of high rates of rainfall. Similar 

and high nig Similar 


graphs for the other locations show similar ‘results. 


Last Rain Avg. Rate of Cu Ft per Sec per Acre off for 5-Min. Period 


3 
_ Maximum Rate of Rainfall, Inches desi Maximum Rate of Rainfall.inches 

per Hour for 30-Minute per Hour for 5-Minute 

‘Fie, 20. 0.—CORRELATION FOR ; STATION A. 

Ratio o of A Average | Run-Off to Average Rainfall. —Pertinent information 


yes 


“has been taken from the records and i is given in Table 4. ‘By means of these 

_ Tecords it is possible to compare average rainfall r ates with average run- -off 
rates of the same duration, and also to compare 1 these ratios with an "es value 

a the run-off-to- rainfall ratio, P., as given in in ale ms 


— 
— 
= | — 
re — (Max.) = |= 060 Q, (Max.) 
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1160 
a In using Table 4, in the present ease sieht froquenay . study that 
— it should be understood that the duration — listed do not occur 4 “f 


for the rain of September 15, 1914, the “20 4 for 
and ‘Tun- -off, which have numbers i in parentheses of (11) and (17), are, 
“respectively, the heaviest, average 20- min rainfall and the average rate 
run-off for approximately with the particular rainfall 
occurrence. It is shown that the ratio of these. average rates is | 0.60 which 
corresponds closely to the ratio of the mean value for this storm. | The num- 
bers parentheses correspond to the positions of these values in the fre- 
“aha Ratios 0 of average run-off to average rainfall rates for 5-min duration and 
= 10-min duration have been taken from Table 4. ¥ ‘As these values also vary 
| over a wide range, they have be been plotted as percentile curves, Fig. -18(e) and 
Fig. 18(f), and may be compared with ‘other diagrams in Fig. 18. . i should 
be noted that, while values on the various curves 3 of Fig. 18 differ materially 
with the character of the ratio, the distribution of these values seems to 
follow about t the same system . for each diagram, as is indicated by a near 
parallelism of the lines. The close relationship of actual ratio values of curves 


Fig. 18(e) and Fig. with those of Fig. - 18(a) i is important. 1 fly 


Certain general conclusions, which the writers are inclined to draw 


The v: value of all run-off ratios studied individual 


wide limits at each observation station. 


“a ne (2) The values of “P, ‘(final)” have been plotted as percentile curves for 
each of the areas under study. - This curve, given as Fig. 18(a), is ‘similar to 
Fig. -18(c), Fig. 18(d), Fig. 18(e), , and Fig. 18(f), « and shows that for each of 


pss areas studied, P varies quite widely from the mean; ; but, as with the 


other factors, for absolute peaks; 5-min averages 

peaks; — ior averages at peaks 

and for 5- min and 10- in at of the three 
curves is surprisingly uniform in character, ‘indicating that the variables ; 


which cause this divergence e1 enter into the occurrence for | each of the drainage 
_ areas: in about the same way. ‘Straight lines 8 have been drawn i in Fig. 18(a) to 
nt an average of the percentile points “These lines indicate that the 
run- -off at Station A throughout the full range | of values is likely to exceed | 


that at Station B by about 20%, while the rate for Station Cc will exceed that 


- He - (8) For a given | drainage area, the run-off factor, P, seems to be affected 
the season of the year, general climatic conditions, 
ie ete. , but no co-ordination has been determined. 
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ence of te correlation has been found betwee 


' value” of the 7 - , for individual storms, and the rainfall cha 


acteristics of the ‘storms (such as maximum or mean i). However, the 


- variation of the run-off factor during» the progress s of a storm seems to depend, y 
f- some extent, upon the variation of the rainfall intensity. The effect is 


not. "pronounced except in extreme cases, ‘such as double or multiple rains, 
when the rainfall intensjty f falls to low values for considerable periods between 


The ratio, or total measured sweluine of run-off to total measured 
sates of rainfall, has been found to have a close correlation with the atio, b 
based on 5-min duration periods | (see Fig. 19, tee’ example). ‘The 


‘ratio, can with great accuracy, and provides th 


best iiieneiiiers as to the general relation between rainfall and consequent 
- rs (6) No doubt, the value of the run-off factor, P, is greatly | affected by the 
nature of the soil, but the local records can throw no » light | on this phase | of | 
- the subject, since the soil is the same yellow clay at each of the observation — 
stations, The sprinkling experiments were undertaken to fix the values ; given 
this paper to definite soil condition. (See Table 8.) 
2 (1) ) The wide variation in ‘the ¢ ‘final values” of P at each of the sites must 
attributed to combinations of variables: (a) Condition of the ‘soil; 
mo condition attributed to coverage ; and (c) character of ” distribution of 


Variation in Soil Condition. — This closely 
_ similar to that of the soil-moisture content, and accordingly is ; 

at 

‘oa affected by previous precipitation and by the seasons of the year. 
(b) Variation in Condition of Coverage——The effect of the character 
——e of the turf on the lawns and of the foliage on trees and shrub-— 

also would appear to shave some ‘elation to the season of 
» Character of the Distribution. of the Rainfall “Rates. —The final | 
aaa value, P (which is the ratio of total run-off to total rainfall), is 


not subjected to the effect of distribution unit- ‘graph 
study brings to the values of the rainfall. Accord- 


bis precipitation departs, i in one way or another, from the condition — . 4 aa 


| 


\ 4 


#&@ 


studies have made of n-off factor under the unit- 


1ethod wt First, as the ratio, or instantaneous 
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ratios; second, as the for generally coincident peak values; 


Q 
third, as P ring ues 


second, the final value, P; =- These 
1» ideal ratios have been found to vary over a wide range, and 
a satisfactory correlation to other variables has not been found. pra (a 
a _The unit- -graph process is probably the best yet developed for analyzing 
a rainfall and run-off data of. the kind presented i in this | paper. if some modi- 
fication | of it can be applied generally to run-off data hereafter available, it 
will be possible to study the remaining v: variables entering i into the relationship 


a4 between rainfall and run-off in a much 1 simpler form than heretofore has been 

Further prosecution of the investigation undertaken herein, might appear 


involve | a series of studies. First, the» unit- -graph m method yield 
ca factor similar to the coefficient | of retardation, representing "the ratios between 
——— Qeemasy a8 ‘used ‘in this section, and average rainfall intensity for particular 
_. duration periods classified as to frequency of occurrence, : & he second series 


- would involve a determination of the values of “ , a run-off factor, as has been 
attempted, with ‘the: proper relation to frequency of occurrence. 


such information v were satisfactorily developed, the run-off rates would 


“quency and of thus. it ey a 


run-off rate, and, thereafter, applying the of 

Such an undertaking, however , becomes involved in numerous complice-- 


It appears that the same results could be by a simpler means, 


although probably in a less scientific manner, the information on rainfall 
and ¢ on run-off was made the subject of f frequency- of-occurrence studies as if 
the two phenomena were independent. ee ron 
PAI ART Il.—Fr REQUENCY Stupy or Orr Rares 
In Part II, run-off is considered as an independent: phenomenon, end 


ii sap study is made of © the average e rates of run-off for various duration 
periods at at each observation | ‘station, in order to determine the answer to the: 

qu uestion, “How often ina given number of years will a 1 given 1 inlet area 
- scharge storm water at a given rate for a given duration period ? ” a 
_ Bomener is expressed in years and has reference to the ‘period of time 


ring Ww which ¢ an a ae given scammed will probably be 
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ileal one time. . Table 4 shows the basic data used i in the frequency study. 


re A period of years was chosen for each location such that a continuous series 
~ of the best records for that location was available. — At Station A, the nineteen 
: years, from 1914 to 1932, inclusive ; at Station C, the twelve years, from 
1916 to 1927, inclusive; at Station B, the sixteen years, from: 1914 to 1929, 
' inclusive; and at the United States Weather Bureau Station, the twenty- -two | 
years, from 1907 to 1930, inclusive, were chosen as the most representative. 
a (On September 29, 1925, the rain gauge at Station B was taken out of 


sservice. After that rainfall rates for this location were obtained by 

d nterpolation from tl Fee near- by gauges.) « 

| n io ree nea y uges.) 


Lic Sil ill 


‘usually, accepted minimum about ten years. ‘each station all storms 
‘having significant : average run- -off rates (about 1.0 eu ft pe per sec per acré, or 


more) for tl the duration periods represented in Table 4, - listed i -chronologi- 


as Under the heading, “Rainfall”, i in Table 4, is listed the highest average __ 
. rates of rainfall, , observed | during the s storm in question, for the various: dura- a 
1 tion. periods. ‘Under the heading, “Run- Off .” is mated the highest av average rates 
-off observed ‘storm in question, for the various 


tak 


| of that rate for the duration n period it in which it is | shown. For 
" = referring to Table 4(a), during ‘the storm of September 15, 1914, as 
‘ ob served at Station A, the highest average rainfall rate for a period of 20 min 
- is 2.47 i in per hr, and this rate for this duration period has been exceeded 


“ times in the nineteen years” represented in the table. The highest aver- 


id 
run-off rate, for a duration period of 20 min, is i; .47 cu ft per sec per 
* 3 acre, and this rate has been exceeded sixteen times during the nineteen years. 


_ Where no nD numbers in parentheses | are shown, the rate has been exceeded more ie 


0 times than number of years represented in the series. 


columns headed (Table 4), contain the ratios of the 


’ 
—_ -off rates” to the rainfall rates, as shown in the preceding columns . 


course, the “duration periods shown for run-off rates are not identical in 

~ absolute time with the corresponding duration periods shown for rainfall rates, 


- the difference being due to the lag. In | one or two instances, the duration | 
? periods ‘compared belong to entirely different phases of ‘the | rain. 


e 


‘The column headed, — (Table 4), s hows the ratio of the total r 


Insignificant for most the time, the peak investigated. 


Table 5, being taken from the records of the U. S. Weather Bureau, shows 


rainfall rates only. The information on which the frequency series was 


de ‘determined i is complete and consecutive e with the exception, of one storm, 
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TABLE 5.— —Dara -Usep 1x Frequency Srupy or 


INTENSITIES, FOR THE FOLLOWING DURATION 
MINUTES): 


- August 7, 1907...... 5.40 © 5.04 (1) | 4.24 (2) | 3.48 (5) | 2.78 (4) | 2.27 (6) | 1.59 (7) 
July 6, 1908...... 4.56 4.26 (8) | 3.68 (6) | 3.21 (6) | 2.18 (10) | 1.63 (13) | ........ 

September 4, 1910...| 3.72 | 2.96” | 2.67 (14) | 2.14 (12) | 1-82 (8) | 1-29 (12) 
September 4,1911.../ 3.12 2.40 2.24 =| 2.04 1.47 1.29 
5, 1912... 1.64 {1.35 (|1.34 — | 1.29(13) 
July 14, 1912... . 4.56 | 4.44 () | 3.92 (5) | 3.60 (3) | 3.34 (1) | 3.24 (1) | 2.96 (1) | 5 
‘July 1, 1913... 4.44 | 4.02(12)|3.12  |2.49 | 1:82 | 1.50(14)] 1. z 
August 19, 1914.....| 3.12 | 2.88 3.08 | | ..:...... 
September 1, 1914...| 5.28 (7) | 4.68 (4) | 4.08 (3) 3.75 (2) | 3.06 (3) | 2.67 (4) 2 
September 15, 1914. . Vides 2.08 2.13 1.90 1.79 (10) 
20, 1915....... 24. 3.18 2.64 | 2.16 1.52 | 1.67 (12) 
August 11, 1916. 4.32 4.08(10) | 3.52 (8) | 2.67 |1.82 |1.30 
August 12, 1916 5.28 (8) | 4.74 (3) | 4.32 (1) | 3.81 (1) | 3.10 (2) | 2.79 (2) - 
‘ August 14, 1916... .- 5.64 (4) | 4.38 (7) | 3.36 (11) | 2.97 (8) | 2.74 (5) | 2.70 (3) 3 
September 27, 1916. .| 6.72 (1) | 4.98 (2) | 3.40 (9) | 2.70 (13) | 1.92 (14) | 1.46 
6.12 (2) | 4.56 (5) | 4.00 (4) | 3.60 (4) | 2.58 | 
September 7, 1917...| 5.52 (5) | 4.02 (13) | 3.40 (10) | 2.82 (9) | 1.88 1.50 
August 24, 1918... .. 3.84. 3.48 2.96 | 2.73 (11) | 2.22 | 2.09 (7) é 
June 17, 1919....... 3.48 | 3.68 (7) | 3.21 (7) | 2.34 (8) | 1.80 (9) 
‘September 28, 1919..| 3.48 3.42 | 3.12 2:82 (40) | (7) | 2 58 (5) 
August 15, 4.80(13)| 3.96 | 3.20(13)|2.55  |1.78  |1 
September 8, 1920. || 5.04 (10) | 3.96 (14) | 3.28 (10) | 2.52 | | 
September 8, 1920...| 5.28 (9) | 4.26 (9) | 3.20 (14) | 2.70 (12) | 2.14 (11) | 1.71 (11) 4 
om € August 8, 1923, _ for Station ¢, and is accurate within the limitations of the a 
7 instruments used. The years, 1918 and 1932, are not represented in Table 


4a) for ‘Station: nor are the years, 1922 and 1929, in Table 4(b) for 
" Station B, as no rains: of sufficient magnitude occurred in these years to 
warrant inclusion. Several storms were included for w which the were 

- open to suspicion on ‘the grounds of non-conformity, such as that of ‘September : 
12, 1925, a at Station A, and the small rains ‘showing more th than 100% run-off, 
but for which n no definite defect in the record could be found. b:.’ : 
Derivation of Series- —A frequency series was made up for each ey a 
column under the headings, “Rainfall and Run- Of", in Table 4. 
taken from each column } were ‘arranged in the order of magnitude beginning 
the highest. Since the class of storms that occur, on an average, more 


: than once each year are of little or no interest in design, the number of terms - 


gu 


in each series was arbitrarily limited to the number of years represented 
Table 4 from which it was taken. This makes the number of events equal 
the 3 number of years in 1 the series, computation of the time 


“wis The ereentages for ach series computed fom te 


**Method of Least Squares”, by Mansfield Merriman, M. An. 
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which, F= percentage of frequency ; m= number of the 


the | series | (the maximum being No. 1); and, n = number of items in th 


The rates of rainfall and run-off as sele cted for the various series were 
against the corresponding ‘frequency ‘percentages on | logarithmic 


paper (Fig. 21). Since, direet comparisons were “made 


504030 20 10 ~~ 


80-— 


> Rate of Run-off in Cu Ft per Sec per Acre ss Rainfall Intensity in Inches per Hour — 


ao n~wwo 

wo 


_ Frequency Percentages; Probability Scale 

RAINFALL AND RUN-OFF FREQUENCY SERIES, 1914 To 1932, 


between different it series, it was decided to derive the curves through 
plotted p points by computation, using statistical rather than graphical methods, 


order to eliminate the personal equation and, that each would» 


a The method used in computing the points on the smooth curves in Fig. 21 on ‘ 
consists of calculating: First, the mean value of the terms in each series; 
and, then, the coefficients of variation and skew for the series. — Knowing the 
value ¢ of these coefficients, the co-ordinates ¢ of points on the skew frequency 
curve were calculated from ‘the information | giver in the table’ of skew curve 
factors by H. Alden Foster, M. Am. Soe. C. E. . Details of these computations — 
and complete sets of curves are filed with the sonra ‘manuscript in Engineering _ 


avin e of the total number *Y events of the | same class in a given array; 
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a for example, a rainfall or run-off rate having an event frequency of 20%, as 

_ shown by the graph, will probably be equalled or exceeded once in five years. 
‘Transposing the co" ordinate axes and plotting the data given by the curves” 


; “of the type of Fig. 21, a series of curves are obtained which show the relation of 


RAINFALL AND RUN-OFF FROM URBAN AREAS 


‘the rates ‘Tun- -off rainfall to. the duration of these r rates “for 


quencies of 50, 40, 30, 20, 10, 5, and 2 years. These curves (Fig. 22) corre- 
spond. to the familiar “r rainfall- “intensity” curve. 


Correspondence een is co nne ction betw: wee 


‘the same . The curves: ‘represeit ‘Variations 


but not necessarily completely dependent nt, phenomena. 
7 
Fi ig. 22 shows also the ratios between corresponding rainfall wl run- off 
rates for various frequencies taken from these rate-duration curves. The use-_ 
“fulness of these ‘Tatios lies i in the fact that the data from several observation 
‘stations may be combined to ) provide a rainfall frequency series of greater 
length and possessing greater scope and accuracy than is in the 
of the local rainfall and run- -off frequency series, 
Transformation to Long- Time Series. —The ratios between 
rainfall and run-off rates, as shown by the local rate-duration curves , reflect 


at 
q the local ‘conditions that affect the rainfall- -run- -off relations at the station in 
pow 


question. Therefore, when these ratios” are applied to rainfall “rates” given 
by the long- term rainfall frequency series, the resulting ré rate- -duration ¢ curves rl 


should. show the most probable values for run -off rates for various 


oud 
| and duration periods at each station. — 
a] _ Another advantage of this method ye it takes into account the posit ion : 


4 


factor of rainfall rates and | its effect on run- n-off rates. A high rainfall 1 rate 


soto a much lower rate. of rainfall of the s same ; duration, occurring late 


in a storm, may result in a relatively high rate of 1 run- -off.. In the long- ‘term 


F 1 rainfall frequency series, all - types” of storms are included, and the position 


factor of the various ‘rainfall. rates is taken into account (at 


th the relative frequency the various types: of storms. 


Se + long-time series, comprising 47 station-yr, may be _ obtained by | m- 
bining the rainfall records of the observation stations; but two of the 
- stations (Stations . A and B), "are quite « close e together, while the third (Station — 
0); is about four miles away (see Fig. 1). Since the U. s. Weather Bureau a 
Station is fairly close Station this fault be minimized by 
the ‘records: from these four stations, thus obtaining a a 61- station- 
series. It will be seen from Tables 1 to 5 that few critical storms are common ~ - 
to o all four stations, and that the record at no one of the stations having a 
length « of from 12 to 17 yr can be truly representative ¢ of the rainfall probabili- 
ties for the short storms of the St . Louis region. - This 61-station-yr series, 
- shown in Fig. 23(b), has been n adopted as the basis of the final frequency a 


It could have been improved somewhat by v using all the ra rain-gauge Sta- 
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tions in St. Louis, but. this v would have had the disadvantage of not involving 
to so great an extent the localities or the rainfalls entering into the run-off 


‘For r each of the three blocks studied, frequency curves were » developed by 
applying to the 61-yr rainfall series the ratio between rainfall and run-off 


shown graphically in Fig. 22. — Thus, the ‘modified run- -off r frequency series as a 


given . on the lower part of Fig. 23 is assumed to represent equivalent probabili-_ : 


determine whether « or not the basic information had been in any 


ht 


ATION DIAGRAMS—RAINFALL AND Ruy- Orr Rates" For Various 


b sat The graphs in the series ca curves represented by Fig. 2 24, of which only 


three are published, are compiled from two independent sets of data. The a, 
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24.—CORRELATION CURVES OF RAINFALL AND RUN- 


rotted points on each graph represent the average rate of rainfall and run-off < 
zs for the duration period for which it was prepared. © Each point represents a 


- single storm listed in ‘the table from which the rainfall and run-off frequency ‘ 


series were compiled. Points above Line A- ts _Tepresent: storms 


in ‘the rainfall frequer 
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‘represent storms included in the run-off frequency series. Lines E and 
_-H-I define the mean values of the ‘rainfall and run-off rates in relation to the J a 


vertical and horizontal axes, respectively, establishing Point | G as 


cen center of gravity of all the p points 34 By 
= ae _ Referring to Table 4(a), it is seen that for the first storm listed at Statio Fe 
. 86g A (September 15, 1914), the maximum average rainfall rate for a 5-min ‘period § 
- is 3.12 in. per r hr, and the maximum | average run- -off rate for the same 


4 period i is 1.89 cu ft per sec ¢ per acre. The point representing this storm » there ; 
fore, is located from these co- -ordinate values on Fig. 24(a). 
- gid The frequency ‘scales shown on the rainfall and run-off rate ‘axes are ay 
Al taken from the rate-duration curves (see Figs. 23(a) and 23(b)) where it is 


4 a found that the rainfall rate having : a probable frequency of 2 yr yr (for 5-min _ 
duration period) is 5.10 in. per hr, while the corresponding run- -off f rate is 
2.85 eu ft per sec per for each frequency. = 
points designated by crosses in Fig. 23, and connected by solid lines, 


plotted opposite corresponding frequencies as shown on the 


= run- -off ax axes on the right-hand top margins | of each chart. These points 
= not represent actual storms, but only» abstract rainfall and run- -off 


| 


rates having the same probable frequency, in years, as determined by the rate- 
» 
frequency graphs for Station The relation of t this line to the points 

= shows that, although points on the frequency curve were extrapolated beyon 
a the observed data, the general trend of ‘the ratio of run-off rate to rainfall rate BR a 
as observed in the original dat data has been preserved i in the extrapolated values, _ 
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(a) For Various Duration Periods 
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25 —Retation RAINFALL AND ‘RUN-OFF RaTEs (SEE TABLE 6). 


‘From this series of diagrams two composite ¢ charts (Fig. 25 and Table 6) 


t 
“were compiled, , which gave identical information as to the plotted ‘points, 
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rs and differed only in the connecting lines shown between the points. They 


Ba. ~ involve essentially the same information that i is presented in Fig. 23. Each 


TABLE —Retavion Berweex AND Orr Rares For 
Duration Pertops anp Frequencies (Sze Fic. 


Figs. 23 and 25 contain the results of the run-off frequency, “study. 
: over, in Fig. 26, this material has been set t up to Present one other relation- 


GRE wear 


ship. These diagrams were prepared by « comparing the | average run-off rates 


for particular d duration periods, as, for example, 5 min and 10 min, with the 
maximum average run-off rate for 1 min for the same storm. — The informe | 


e= as to the average 5-min and 10-min rates was taken from Table 4, | The 
_ tabulated data for the 1- 1- min r ate are not presented, but ‘they were taken 
directly from the hydrographs. ‘The relationships indicated in these diagrams, 
as summarized on mn Fig. 27, are surprisingly consistent. It should be noted 

that the relationship for Sta- 
| tion C (Ewing and Washington 
for the 20, 25, and 


30 min, periods, does not seem 


ior 


to » follow a slope line through 
B the origin | as clearly : as is the 


Ez 
25= 
ease for other curves, and 
o7 ‘the | line drawn is a mean used 
i for the purpose of prepar- 
oS: eee _ ing the curve on Fig. 27. W hile 
it is not expected that the rela- 
i: 52 | tious given by the curves 
be of i immediate use in connec: 


q tion with: ‘sewer, design, they 
30 are interesting and should 
Duration Period in Minutes eal value to the hydrologist. 
| Fig. ee ee Station A and those for Station B in in Fig. 22(b), seem to fit 
into a logical conception of the effect. of topography | and surface condition on 
run- off rates. ‘The curve for Station On (Fig. 22(c)) giving tl the result for an 


entire ‘city block, , including 1 many sub-areas such as roofs and yards that 
“drain directly to the sewer, is not strictly comparable to the information for 

the other two blocks. The very high | run-off rates shown in this | case were 
¥ es to the writers, even in view of their familiarity with | conditions 
Figs. 22(a) and 22(6), show that for the two smaller locations, the greatest 


between run-off and rainfall. for and more frequent 
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‘rains ; for . Area the Teverse is true. Tracing the reversal 1 phase back 
the primary is noted that rainfall and ru 


my in ‘yainfall the systems at the other 
mite locations, due probably to the manner of collecting the water. . The mean 
“velocity from points on Area is greater than that from points on 
a Area A at the same distance from the point of measurement. — te 

= (| 25 brings out in an interesting manner the fact the run- all 
ead * characteristics of the three sites are quite similar for the light rainfalls, and 
it is only» in the field of the rarer occurrences and greater intensities 
the marked differences appear. . For Station B, the relationship of. rainfall 
and run-off is | affected, to a relatively small degree, by variation in duration | 
or in ; for Station A, more ‘important differences appear ron this 
The coun ; ; and, for Station the 

various times during the period, 1924 to 1934, the ani their 
oted associates have attempted to organize the information given herein in a 
Sta- "manner that would justify publication. present effort at analysis | has 
gton extended over a period of nearly two years, and the writers now ‘Tecognize, 
and a more fully than n ever, the inadequacies of the results secured. They are more P 


seem than: ever impressed with the certainty that much of importance still lies” y 
ough buried i in ‘the available data. The paper in its present form i is offered i in the i 
the hope’ that a a wider study, end the application of other minds, may bring in 

used To the hydrologists, they believe that they are presenting hitherto ) unpub 


epar lished information susceptible of detailed study and interpretation. 
Vhile Lol _ For the engineer designer | in the municipal drainage field, the informa- 
rela 4 tim contained in Part II should be a valuable guide to judgment, although — 
| Can it is only a small fragment of the information desirable for reaching a sound — 
nnec: for storm: sewer design. In Part. III a method is suggested in n the 
- application of which the information presented will be usable ina broa ler os 


“ess without departing too far from the available facts and figures. 


PART Il .—Svacestions FOR APPLICATION TO ‘Sewer Design 


study of the diagrams, Figs. 23 and 25, brings out the following 

For flat areas of relatively low percentage of imperviousness (such 


“Area B), ‘the relation between ‘rainfall and run- off of equal probability 


ee 
not vary “greatly with ‘frequencies or durations; ; the average ratio is 


For steeper and less ‘permeable areas (such : he Area 
is fairly uniform | except the shorter 5-r “min rains, and 


4 

a 


— 
ers 
hey 
ach 
curves approach each other for the longer time. 
ates } ___This means that the range of run-off rates at Station C is greater than a a 

— 
— 
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TABLE 7.—Principa CHARACTERISTICS or AREAS 


(see Fig. 16) | slope § | run-off rates to rain- 


0 


of a ‘to isolate the effect ‘on the run- n-off ‘ratio. 
(4) Table f the variable in n (2), from that ‘the 


“Up series of ratios for ‘the pe pervious and impervious found by 


“cut-and-try”, that would —- the actual run- -off rates given in the final 


wae typical, although incomplete, study of this type for a 15-y -yr rain _ 


—Errecr or | Surrace (ON THE Run-Orr Ram 


se 


-Ron-Orr, IN 
 INcHE PER Hour 
— 


Area (see 
Figs. 2, 3, 
and 4) 

as 


ky 
pervious 


Pervious 


Per 
centage 
of run-off, 


‘Rainfall 
rate, in 
inches per 
| hour 


Product of 


Columns (3), 
(4), and (5) 


® _ 


2.80 


his 2.80 


3.10 


(e) Duration Perron, 20 


rea (©), the correlation is 
; so simple, and the average values are greater than 0.8. t] 
(4) Table 7 gives in round figures the princi al characteristics of the 
— 
— 
of 

* 

a 
— 
— 

— 
— 
— 
—— "| Measured 
lem 
ap 
— 

— 

88 | 43° | 2.72) | 339 | 3.70 

— 


Computation Table 8 is not offered as a good solution of this problem 
the writers merely wish to leave it to to practical sewer designers for further 

- analysis. Note that the ‘ ‘pervious” s surface on Areas A and B (Fig. 5(a)) 
is row and that on Area (Fig. 5(b)), it is small areas of packed so soil. 

ber ype “of the St. Louis sprinkling 
experiments 0 of 1 1028 (filed with the record manuscript in Engineering Socie. 


Library) Three from Plot B and Plot 


that the run-off be 15% greater than 
practically flat areas. Measured r run-off rates from Area slope) 


- Beatly two-thirds greater than from Area B (0.7% slope), but the former 
is also less pervious, while pondage is ‘prevalent in the latter. These data 

“indicate a difference in the water lost—that is, in water not appea 

a n-off —of 11% a as between the 0. 5% slope and the 5% slope, 


TABLE 9.—Errecr or SLope on Run- Orr Soppep AREAS 


* B 5% Store 6 Pror C, 0.8% on 
Ground| 
—con- 


Ground 
,con- 
ditions 


Percentage 


vation} 


Pal 


May 9, 1923 | Damp Aug. 31, 1923 1.90 


26, 1923 | Dry 


Wet 


1.93 May 12,1923 | Dry | 1.70 73° 0.77 
1.8 


July 26, 1923 Damp | 1.60 


ithin narrow limits, these may to. adjust, ‘for ‘the 
_ coefficients in Table § 8; for example, if | the city block had all the « character- — 
-isties « of Area. A, except that the slope - is 2% instead of 3%, the coefficient _ 
of ‘pervious portion could: 1 be reduced from’ 0.4 45 to about 0. 39. This 
should probably be charged against a slightly higher rate than the nominal 
on to lawns, a a condition 
equivalent to an -inereased rainfall rate on the In this instance, the 
- revised run. run-off might be taken as 50% of 39% of 3 in as ; compared with 
50% of 45% of 3 in., a reduction average run-off rate for the block 
- from 1. 89, to 1. 80. Of course, ‘modifications of this kind cannot be used too 
extensively or too far from the field of original figures. if used for 
flat, areas, ‘such as Area B, “ ‘allowance ‘should be made ‘be- the effect of 
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RAINFALL AND RUN-OFF FROM URBAN AREAS 1175 
rs October 19: RAINFALL AND RUR-OFF PROM URBAN ARRAS = 
— 
4 — 
4 
— 
; 
of 
paring run-off rates that seem to prevail for some time (30 to 40 min) 
= 
ble q 
he 
set 
by 
a 
» 
— 
at — 
| — 
— 
— 
— 
— 
— 
= 
— 
‘Trequency of occurrences of specific run-off rates, limits the direct value 
where all conditions are su 
= ‘he presented data to St. Louis conditions, 


= 

"RAINFALL AND RUN-OFF OFF FROM AN. “AREAS 0c 


be modified. however, to be ‘of for other localities. uit 
ory _. The volumetric ratio has proved to be the best index to the varying. value @ 


f the ratio between run- -off rates and rainfall rates during the progress of 

a storm. It provides a convenient means of comparison between different 

types of inlet areas (see percentile curves, Fig. 18(a)). It has given re- 
£ markably uniform and consistent results when applied to the sprinkling 
experinients of St. Louis and Dallas, Tex. (Complete ‘supporting data are 


filed: with record manuscript, i in Library.) ‘This 


in Fig. 28 and in Tables 10° 


1 


Apes 


15.96 in, per hr} 7 
for 240 Min. | 


1.37 in. per hr 
for 22 Min. 


2.58 in. per hr 
120 Min. 


= 


~ 
=> 


+ 
| for120 Min. | 
30 40 


1.24 in. per hr 


Rainfall in Cubic Feet 


0 
40 60 80 100 10 10 20 10 O 10 20 30 50 


G. 28. on RATIOS OF RAINFALL TO Run- Orr, 1931- 1932; SPRINKLING | 


10. -Vouumerric Ratios or Ruy- -OFF ro Rs AINFALL; SpRINKI 


EXPERIMENTS AT St. Louis, Mo. (0) EXPERIMENTS AT DALwas, TEx. 


- 


dition Range | Average|| dition Range | Average 

Bare. .88-0:98 Spri Sodded | 0.62-0.80 0. 

Sodded .54-0.66 0.61 Sodded | 0.52-0.66 

.70-0.95 0.86 ing | Sodded | 0.63-0.80 

Sodded 60-0. 86 0.76 al Sodded | 0.54-0.60 
Bare .50-0.74 0.63 " Sodded | 0.82-0.95 


0. 
0. 
0:5 

Sodded | 0.66-0.76 | 0.71 || C_ " | Sodded | 0.52-0.63 | 0. 


Plot A is, Southern Methodist Univ.: Plot B= City — Prot; Plot C = Exall Plot. 


P lot Fig. 2 is comparable ‘with the City. ‘Park ‘Pl lot in Dallas, in th 

he | slopes are toe the same and both are sodded; and a 1 direct comparison 


— 
— 
— 
| 
of 
end 11, a8 an example, 


October, 193) 


RAINFALL AND “RUN-OF OFF FROM URBAN 


an TABLE 11. —OBSERVATIONS TO To DETERMINE METRIC ‘Ramios | OF 
TO Run-C -OrF; SPRINKLING Experiments, Ciry Park, Texas 
of 

re- ; A ¢ November 7 , 1931... -| 9:30 A.M... Dry; heavy dew ona good stand of thick, heavy, green 
ing | November 9, 1931.... 9:00 A.M...| Fair and cool; Hight wind; damp. 
November 10, 1931. | §:30 A.M...| Cloudy; wet. 
are | March 1, 19: 12:30 P.M.. .| Cloudy; warm. 

his March 5, 1023... Ground saturated and frozen; fair, cold, and windy. 
ing = 


of the soil conditions on the plots may ‘be made by comparing their 


‘this: ratio for Plot ‘Becks: (1923) | is 0.76. ‘For the City Park Plot 
in Dallas the ratio for spring rains is 0.72 while for fall rains it is 0.57. 


Rainfall in Cubic Fee! 


1.64" 30 Min. 


a 10 5 0 10 O 10 20 30 40 50 8 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90 
102030 10 20-30 10 20 30 40 50 0 10 0 10 20 30 40 50 60 
10 20 30 40 50 60 70 10 20 10 20 30 40 

Run ott in Cubic Feet 


I Fic. 29.- UMETRIC Ratios « OF RAINFALL TO Run- OrF, 1923; SPRINKL 


EXPERIMENTS, PLot B (SoppED), St. Louris, Mo. (SLOPE, PER CENT). 


Thus, the first important difference i in conditions at the two lesttitian becomes 
apparent ; ; the correlation diagram, Fig. 30, shows that ‘there is no haouruens 
diference in this ratio between spring and fall rains at St. Louis. vag 
Tt is « ‘evident that if the Dallas plot is representative general 
that city, the St. Louis run- -off curves, Fig. 
frequencies, for Station A (Belt. and Ridge Avenues), for example), 


be modified to find ‘the probable run-off from similar blocks in Dallas for 


fiven intensities and duration periods. For winter and spring rains at 
Dallas, little or no adjustment of St. Louis ratios would be necessary since sa 


the corresponding ratios are practically equal. For summer and fall rains, 


rates. derived from the St. Louis data would need to be adjusted in : ac- 
cordance with the relative losses shown in sprinkling experiments. For 
St. Louis, the water losses through surface film and absorption. are ‘given 7 
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AND ) RUN-OFF FROM URBAN AREAS 


For Dallas, the corresponding loss is 


48 per cent. “the difference in water loss, therefore, is 19% of the r rain- 


> 
i 


if all other conditions are > equal, except that it is s desired | to alter Ttem 


* reduction of the 45% 19, or ‘to 26%, a this, again, ‘shoal 


= probably be chargeable against a Dallas is intensity, of a frequency equivalent 


the St. Louis rainfall rate of 3 in. per per hr. 
In this particular case, it would probably be advisable to draw two in- 
dependent rainfall frequency “curves: for Dallas, one for winter and spring 
‘rains and one for summer and fall rains. For given ‘design frequency, 
‘it might be that for some duration periods the | spring curve ne 
while for other periods the fall curves might be indicated. __ i? 


‘Par IV. 


In g aah it is suggested that - the data ‘eiapaindh may be 2 made useful in 
localities other than St. by well- considered “modifications in four 


— (a) An 1 adjustment of the run-off curves of Fig. 23 in the direction and | 

proportion that rainfall curves of the new new locality may bear to the 61-9 | 

‘With regard to varying percentages of impervious area, as 

For other soil types as in the last paragraph. roe 


Somewhat better information would be made available through s such -. 
; cations than has generally been the case. . Iti is highly desirable that ‘additional 
tests and repetitions of these experiments be conducted in other localities in 
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Founded | ‘1852, 


All the baits ‘bine that the writer could secure on the silting of reservoirs, — 

where actual capacity surveys have been made determine the extent 
of silting, are contained in this ‘paper. - Ressadial measures for silt elimina- 

tion are presented and dheennaed 7 table contains a brief of all data on 


the silt transported | by the ‘streams of the world. . The physical” law a 


silt transportation are outlined, with pertinent ic 1. The of silt 


in canals, ‘reservoirs, and on -water- sheds i is the considered. T The paper 


with 1 data and discussion on the: of silt. 


ad STATEMENT OF THE Prosues 
‘as used paper, includes in definition all 


Fe transported by flowing water whether carried in suspension o 


as bottom load. ‘Silt originates from the of rocks 


Geological is marked by 


lifts, in which varying climates, ‘water supplies, vegetation, glaciation, and 
have and are Playing all- -important The Processes: 


Norp. —Early in its existence the Special Committee on Irrigation Hydraulics selected 
the subject of “The Silt Problem” as one of ten for study and research. This paper was re 
submitted to the Committee by its author, and the Committee has recommended its 
publication in Proceedings, in order to elicit discussion of the subject (see Progress | 
of the Am, Soe. C. E., ‘Society Affairs, 


4 
— 
. 
4 
— 
i 
— 
‘tem 
tion i 
olve 
lent 
ring 4 
ney, 
ern, 
— 
in water and air. The effect of such disintegration is evidenced by the — 
wearing down of mountains, the gullying of their slopes, the filling of — 
Valleys, the extension of deltas into seas—in brief, the leveling of mountain 
stl — 
iii 
dif- 
onal 


Existing topography is a complex residual of these processes in which un- 
numbered eons have contributed to its: present configuration. 


Man can not hope to halt the Processes of mountain erosion and plain 
a building. The land he cultivates” ‘could not exist except for these forces, 


_ He must expect that rains will gully his fields, or cover them with me mountain 

2 débris, and that the streams will continue to carry sediments that will fill 

Man’s problem lies ‘the sedimentation n to his 


: advantage where | possible and in opposing the nullification of his endeavors 
9 them through whatever forces lie at his’ command. 


construction of large storage reservoirs on ‘some the silt- -laden 
streams of the West has focused attention on the part 
play in the future history of Western | civilization. 
ae An empire exists below the storage reservoir that has ‘been created | by 


the Elephant Butte Dam, on. the Rio Grande, in New Mexico. The land 


| is phenomenally ‘productive. This region embraces | -substar ntial unit of 
civilization the very existence which hangs ‘upon the integrity a 


“al ‘Storage reservoir to impound and deliver the water so vitally necessary 

by ‘Elephant Butte Dam is slowl bein dep rived 

of its ability to store water. is being deposited at an average rate of. 

20 000 acre- -ft er Its ori inal ca acit will be de leted in two or 


Ges, three generations that the civilization now dependent upon it will have to 
uJ 


seek other sources of water supply and storage. WEES 
"Fortunately, sites are available: ‘where other reservoirs may be con- 


gentile and, after these are gone, others will doubtless be found. Further- 
more, 1 the present dam could be raised to Increase its storage capacity; 
but what of the ultimate future, when all available. storage sites have been 
exhausted e Must those now fertile ; areas revert, ultimately, to the sage- brush 


and the cactus? Will ‘sedimentation, that possible this vibrant civil- 


ization, ‘ultimately sound its” death knell? How long can this episode in 


the annals of civilization continue can | Man do to 
<a + _ The Boulder Dam, in the Colorado River, will create the largest storage 
reservoir in the world. Upon it will depend not only the security of ‘the: 
ap oe entire. Imperial Valley against damages from floods, and the irrigation of 
millions of acres of land, but also domestic and irrigation supply for 
the "metropolitan: district of Southern California. The ability ‘to. furnish | 
i Tous power to the people i in seven States also hin nges upon its functioning. U nless- 
remedial measures are adopted, this reservoir will become virtually useless, 
by reason of silt deposits, before the passing of the fifth generation. 
For rtunately, as on the Rio Grande, a number of other storage sites are 
on the Colorado River. "Ultimately, however, within some definite 


number 0 of generations, the fact must be faced t that all these reservoirs will 
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THE SILT PROBLEM ust 

| Bie 


have become useless for ‘storage purposes. = | he dependent peoples must then 

be reduced to those that can subsist on the: areas which the ‘unconserved flow 

“he It is not writer’s intention to paint a dark picture, but rather to 

stimulate a more ore intensive study” ‘and an intelligent research ‘that will 
ultimately effect a practical solution of this: problem. The menace exists; 

a a > is real; ; and unless something constructive can be evolved, civilization j in 


regions must ev ventually decline. It is to sit smugly complacent 


¥ 


should to the of finding a but it will many y years. 
of experimentation and. study, and he should be at t the task, amply financed. 


‘The results of the sedimentation of reservoirs s for which the extent of 


- depositions have been determined by actual “surveys, are { given in ‘Table 1. 
Ino order to make t the data comparable, and silt deposits have 


this level may be a vert of total, but this does 
j not rob the reservoir of of storage capacity. The ae supplementary data 

Boulder Reservoir (Under Construction). —Of total capacity 


this: reservoir, 500 000 acre- -ft. Ww ill be ‘reserved for flood protection, 7 000 000 
‘for | silt, and 14 000 000 for irrigation. . The: maximum recorded discharge was 
at 210 000 cu ft per sec on June 18 and 19, 1921. The maximum known flood oc- 


curred in 1884, for which the discharge was between 250000 and 300 000 
_— eu ft per sec (6a).* The spillway capacity i is 400 000 cu ft per sec, exclusive 
tz. Elephant Butte Reservoir. —Capacity surveys for silt deposits in dias reser- 
voit were 1920, and 1925, with the results shown in.” Table 


> 


4 33 000 ¢ cu ft per. sec on. October ‘11, 1904. The overflow “spillway “eapacity 

is 16 000 cu ft per sec. In addition, there are four regulating gates | with a 

combined capacity of a as much more, 


Roosevelt Reservoir at Junction o Salt River and Tonto Creek—This 


2 reservoir is 70 miles northeast of Phoenix, Ariz, Capacity surveys for silt 


aos have been made as shown in Table 2(b). . The maximum recorded 
was 94 800 cu ‘ft ‘seo on January spillway capacity 

= ag Keokuk Reservoir, at Keokuk, —The Keokuk Reservoir was” 
pleted in 1913. It extends miles up stream from the dam, and has a 
surface area of 25 200 acres and a capacity, at Elevation 518, of 370 300° 
acre: -ft based on survey” made in 1891. ‘The maximum ‘recorded inflow 
. rama was 314 000 cu ft per see in May, 1888. _ Since the dam was constructed, 
the m maximum flood was 242000 cu ft per sec on April 16, 1922. 
Hales Bar Reservoir. —The dim is, eas Guild, _Tenn., and was com- 
pleted November 1, 1913. ‘The normal | level dam) is at 
Elevation. 626.2. “The original capacity of the reservoir to the crest of the 
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2 Figures in parentheses refer to numbered ar ticles in the Bibliography (Appendix). J 
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TABL E 2. —Caracrry Surveys FOR Sur De POSITS @ 


C arried to 1 Three | Significant Fi Figures) 


Period of Years In acre- | Cumu- | 


“ae ‘of _ feet per lative In acre 


total, in feet 


4.06 | 90 900° 2 550 000 
1920-1925 61 | 86 900° 2460000} 6.7 


| 000 340 000 
35.000 | 17 500 000 | 1 310 000 
oO = 0 62 000 | 1 310 000 44 
6.0 | 39000 | 6500 | 101 000 | 1270000| 7.4 


000 
15 600 1 720 81 400 
20 800 | 1110 76 200 


16 000 | 1540 | 16 000 000} 17.7 
12 000 | 1870 | 28000 | 62 000 Bld 
1910-1915 4.58 | 17000 | 3710 | 45 000 
1 


45 000 50.0 
1915-1932 7.58 000 | 285 50 000 


40 000| 55.5 


6 700 | 2970 | 300] 83.5 
460. 230 2 800} 91.2 

1924-1926 420° 710 1400] 95.6 


i 


6 160 


2 330 
480 «| 72 5 640 


was 142 000 acre-ft t; 3 ft of flash-boards added later, increased this 
capacity to 156 000 acre-ft. “ Burveys were made of the Tennessee River in 7 
1889-1891. by the United States Corps of E ngineers.— In 1905, the Power 
Company ‘made survey for flowage areas. In the ‘fall of 1930, the U. 8. 
Engineers made a capacity survey of the entire By 


Parksville Reservoir (Also_ Called Ocoee No. 1) —The dam 12 


‘above the mouth « of the Ocoee ‘River, at Parksville, Tenn. _ About 70% of “a 
the drainage | area is forest and wood | lots. The Ducktown Mining District 
‘presents a striking example of ‘the destruction of forest lands by the fumes ‘=e 


from smelters, ‘Toast ovens, ‘and incidental activities. About 20 sq miles 
have ‘been completely | denuded. _ Erosion is excessive as the poisonous gases 
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will not permit the growth of any vegetable matter. This condition, and 
clayey soils and excessive rainfall which ‘this ; basin: is subject, 


offers a complete of this most flagrant of unnatural 


Surveys” to determine the silt content were ‘made by The 
"Electric ‘Power Company in 1917, 1921, and 1999, and. by the U. 8. Engi- 


neers in the fall of 1930. The “early surveys included only the up- stream 
a: half of the reservoir, but that of 1930 covered the entire reservoir. . The 
results of the capacity surveys: (70d) are: given in Table 2(c). 


McMillan North of Carlsbad, N. Mex—The original dam was 


= by the Pecos Irrigation District, in 1894, with @ capacity 0 of 
32 500 acre- -ft at the spillway (Elevation 3 258. 9). The ‘project was greatly 


‘damaged by floods in 1906 and thereupon was taken over by the United 
‘States: Bureau of Reclamation. spillway has raised "repeatedly, 


the last time in 1915 to Elevation 3 267 i. .7, to which the capacity surveys in 
Table 2(d) have been referred. The great reduction | in 1 the rate of silting 


since: 1915 has been due ‘to a dense growth of tamarisk (salt cedar) on the 


hee “flats at the upper end of. ‘the reservoir. . This ‘growth induces 1 the river to 
drop_ most of its ‘silt in. the valley just above the reservoir. Fig. 1 shows 


Original Capacity, 90000 


Percentage of Capacity 
=. 


Agee 


1915 1920 319% 1930. 
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THE SILT 
Guernsey —This is a regulating reservoir onthe North Platte 
River near Guernsey, yo. Storage began in March, 1927. Surveys for 
] silt, were made by soundings in February, 1929, showing 8010 acre- -ft of 
January, 1931, 5 970 acre-ft; ; and in February, 1933, 8400 
e acre-ft. Silt was found mostly in the old river channel tia the: up-stream 
of the. reservoir. ‘The normal flow of 1650000 acre-ft is the average 


| inflow for 1909- 1932. The maximum discharge w was 21000 


eu ft per sec, on June 28, 1917. 
Austin Reservoir, ‘Austin, Tex.— ‘The first dam completed ‘in May, 
1893, ‘and failed in “April, 1900. In rebuilt in 1911-1913. During 


the interval » 1900 to 1913, much of the silt deposited in the old reservoir 
was washed out. ‘The new ‘reservoir, with a spillway 9 ft lower than the 
j ie had 65% of the capacity of the old reservoir when it was first filled in 4 
1913, Capacity surveys were made in the late summer of the years indi- 
n cated in Table 2(e). They refer to the new reservoir. wen a 
The ‘spring flood of 1922 deposited more silt in two weeks ‘than: had 

e accumulated in the previous five years. — The maximum recorded discharge 

0 over. the “spillway was 151 000 ft per sec on April 1900, just before 

Fi _ Lake Worth, Near Fort Worth, Tex. —The average water supply from 


October 16, 1923, to ‘September 80, 1930, was 211800 acre-ft per yr. This. 
reservoir provides water for “the | City of Fort Worth. | The maximum 1 recorded 
was 7 600 cu ft per sec, on November 18, 1923. 


Gucharas Reservoir, Arkansas’ River Drainage East of ‘Pucdlo, Colo.— 
The drainage area is 6 000 to 12 ( 000 ft high, composed of narrow ier a 
‘and eroded mesas sparsely “timbered, except. in the higher altitudes. No 


ited 


= actual surveys” of silt content have been made, but it is | known to be 
to an average elevation of 68.0 ft (spillway level, 106.0 ft), ft), for | whie the — 
try; Cheoah ‘Reservoir at Mouth of Cheoah River, Near 
is The total drainage area 0 of the Little Tennessee River is 2 650 sq miles, of 
which 6 60% is forest lands, most of which have been cut over. The Cheoah > 
Dam and Hydro- Electric Plant were completed 1919. The “original 
capacity, ‘at normal ‘pool level | (Elevation 1 275. 8) wa was 41 600 acre-ft. ‘The 
Aluminum Company of America made a survey for silt content 
up upper miles of the reservoir in 1922. ‘The U. S. Engineers made eu 
complete survey of the reservoir ‘the fall of 1930. 


Sweetwater ‘Reservoir. —This reservoir is i in San Diego County, Cali- 
Ee It was originally built in 1888, to a height of 70 ft above the outlet. a 


The spillway was. raised 5 ft. in 1896, The height of the dam and spill- 
was again 1 increased 15 ft in 1915. ‘The present (1932) spillway 

3 7 :. the outlet; capacity surveys were made i in 1887, 1895, and 1917, 
partial: survey in 1927, with the ‘results shown in Table 2(f). Most. 


the. silt: was deposited in flood years. Stream-flow records | ‘cover 42 climatic — 
“years, maximum inflow occurred inv 1015-16 
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= total water was, 290 acre-ft. The 
‘discharge was 45 500 cu ft per sec, on January 27, 1916. py ad aan 
Lake Chabot, Southwest Oakland, Calif. — The drainage area is is 
densely covered with brush ‘and redwood. Capacity, surveys referred to 
lr Gauge 83.5 are: For 1875, 17 000 acre- ft; for 1900, 15 500 : acre- ft; 
for 1911, 13 800 acre-ft; and for 1923, 13 500 acre-ft. 
> White Rock Reservoir.—T his reservoir is miles east of Ten. Of 
drainage ge area, 3 is cultivated land. A survey in 1910 (not 
_ accurate) gave a capacity of 21 500 acre-ft at E levation 140.1 15 (local datum). i 
ee The survey of 1923, which w was ‘made ‘accurately, showed a ‘capacity at Eleva- ‘ 
tion 140.5 of 19535 acre- ft, and 16896 acre-ft, at Elevation 138.5 (spill- 


Boysen Reseroir in Fremont County, Wyoming. completed 
191 1911 to create head for hydro- -electric plant. , Storage ‘was of second- 


ay consideration. - Soundings were made through the ice on December 5, 


1922, and again | on January 23, 1924, On the latter. date the reservoir was 


Gj 


‘practically full of silt to the spillway level. The deposit of 13 000° acre- -ft 
silt is largely estimated. The power plant has carried no load since 
1928, on account of of silt accumulations. 
Reservoir.— —The reservoir is at Nz. in. the Zuii | 
Reservation. The dam was completed i in 1907. Capacity surveys 
° have been made by sounding through the ice during ‘each year when it was 
possible. When the ice did not cover the entire silt” deposits, the reservoir 
- topography from the preceding ‘survey was used for that ‘part above the ice. 
_ The deposits between i ice level and top of flash-board level | (Elevation 998.3) 
some of the years are, therefore, probably not included totals 


‘TABLE 3.—Capacity SuRVEY or RESERVOIR IN New Mexico 


at Eleva- for 
= -feet n acre- ative centage 
ib sus | feet feet | thousand f 
June 26, 1910...} “4.0 | 13 000 | 56200 | “1800 | “32°°° | “i800 | 
December 22,1911...) 1.5 11 800 | 24 600 3 48 3 000 
January | 10 600 | 14 500 | 200 
January | 240 | 141 000 | 360 | 560 | 
January 1919...) 1.0 | 8560 | 5 430 680 | 128 6240 | 42.1 
January 1920... A 1.0 7310 | 46 400 | 1 250° i 7 490 
February 10, 1922... | 4880 | 7000 | 1620 | 231 9920 | 67.0 
1927..| 1:0 | 3950 | 4980 | 170 | 34 | 10 830 
er 24, 1927... 0.9 | =3 500, 16 000 
December 29, 1928...| 1.0 | 3620 | 55600 | —120 | Scour | 11160 | 75.0 
July 1982...) 2.6 3 450 200 —630— Scour il 330 76.5 
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July, 1982, was a topographic the entire reservoir 
+ taken on n the surface of the silt deposits while the “reservoir w: was practically - 
aula. It is probably the most accurate survey that has been ‘made. a Lae 

- Protective works to hold the silt on the -water- -shed were begun in 1923 

on Rio de Los Nutrias, the principal silt- -producing tributary. 
1931, a hole was blasted in the gate tower for t the install lation of a4 by % 
6-ft sluice- gate, which installed on October 15, 1931. Between these 
dates 500 ft of silt were sluiced from the reservoir. Sluicing opera-— 
tions have continued each year w yhenever water was available. The gain in 

capacity for the st irveys, of 1928 and 1932 is partly due to sluicing and 


| perhaps partly inaccuracies" in the preceding surveys. Fig. 2 shows 


the rate of ‘silting. i All capacities a are referred to the top of the “present 
flash-boards (Elevation 998. 3, old datum, = 6 6 637. A, United d States Geo- 


ay 120 


, 14800 Acre-Feet 


Sluice-Gate Installed and Desilting 
Operations Began July, 1931 
Protective Measures on 
Water-shed Began 1923 
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Gibraltar Reservoir. —Water for the City of Santa Barbara, Calif., 
is. stored in this" reservoir. . The drainage area is sparsely covered with 
brush and small trees. Most of the silt came after the fire of 1923, which mn a 
burned | over the greater part of the water-shed. The water is very 
erratic, The ‘year, 1921-22, yielded 65 500 acre-ft, whereas in 1923-24 
inflow w was” only 2000 acre-ft. The daily discharge -(out- 
flow) was 7 250 cu ft per sec, on ‘April 8, 
Michie.—This reservoir stores water for the City of Durham, N. 
pérthanently y_marke 
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these cross- sections September, 1930, showing an average silt deposit 


i of 8 ‘to 10. in. Some of this deposit was “due | to wave action ion washing the 


top ‘soil of the lake margin into the lake. _ The normal flow « of 124 cu ft 


per see is the average of the years, 1925-26 to 1929-30, ‘inclusive. vale 7 
oe Sterling Pool—tThis | is ‘formed by the Government dam at Sterling, tl. 
The dam and locks were constructed in connection with a feeder for the 
Illinois and Mississippi Canal. _ Soundings we were made at a series of -cross-— 


sections: above the dam in 1912-18. ‘soundings in 1980 were 


‘The ‘maximum recorded Sood was that pra 16, 1929 “(99 200 ‘cu ft 


‘Rapids Pond, Anoka, Minn— —This pond tee 


, and ite level is ; No is utilized. . The plant 


Uv. at St. ‘Paul. > Bvidences of scouring detected 
between 1874 and 1899. General silting occurred between 1899 and 1931, 
which | is assumed to occurred since 1914. 


“There are dams at St. Cloud, Minn. (60 miles ab above Coon Rapids) « on 
the Elk River, and on the Run River. . These three control about 1 15 000— 


sq miles of the area, but, obviously, they do not intercept all 


a Furnish | Reservoir, Near Pendleton, Ore. veil 1914, this reservoir had silted 


co badly that it became necessary to put flash- boards on the spillway in _ order ; 


to store sufficient water for the lands under the Furnish Ditch. The use of 
-flash- boards was discontinued | in 1930. The sluice-gate in the dam is ‘opened 
as soon as the storage has been exhausted, permitting the river to 
through the Furnish | Reservoir. cuts channel through the silt 
to the e original gravel bed. _ Thus, a certain amount of desilting i is done each 
‘year. | The survey of 1930 is little more than an estimate by the W ater 
Master. 1932, the writer estimated the storage “capacity 


Lake Penick —This reservoir stores water for Of the 


Was 


in 1918. 2 ro run-off at ‘the Ss. ‘Geological “Survey | gauging station 
at Nugent, with a drainage area of 2 220 sq. miles (1924 to. 1930), showed 
680 200 acre- -ft, 111 000 acre-ft per yr. The ‘maximum discharge was 


il 500 cu ft per sec on 20, 1928. 


LaGrange Reservoir:—The diversion dam is. the Turlock and 


Modesto Irrigation Districts, near LaGrange, Calif. Surveys for “silt con- 

tent have been made as shown in in Table 2(g). The Don Pedro D Jam 

: a . 1923 is 6 miles up stream. When its spillway was first used 
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= river débris was washed into the LaGrange Reservoir. ‘The maximum 
recorded | discharge was 38 100 cu ft per see on March 25, 1928. 
‘ee Buckhorn Reservoir Near Loveland, Colo. —No records of stream flow have ie 
kept. _ The reservoir | had a capacity of 1191 acre- upon completion 
‘fi. 1907. In 1925, surveys ys were made for increasing its capacity when it 
was, found that. the storage capacity had been reduced to 626 acre- -ft by 


¢ The maximum flood of 10500 eu ft per sec occurred on Tune 16, 7 
Aewan Dam and Reservoir, —The first dam was built to store 
water to a ‘Teservoir: level of 106.0 mM, with a capacity of 865 000 

acre- -ft. It was completed in 1! 1902. No : spillway was provided, , but the dam 


180 sluice- -gates_ to pass a maximum flood of 500000 cu per sec. | 
The d la m was raised beginning in in 1907 and completed in December, 1912, 


or storage to R. L. 113.0 m,. providing : a capacity of 1970 000 acre-ft. A 
= was let in 1929 to raise the dam. again, this time to store water to 
RL. 122 .0 m, for which | the capacity will be 4 400 000 acre- ft. The average 


flow of the Nile at Aswan (1912 to was 90 000 cu ft per sec, 


maximum being 500 000 cu ft per sec. 

Burrinjuck Reservoir —Water for Murrumbidgee irrigation 
New South Wales, is stored this reservoir. Construction was begun 


in 1908, a and 1 was completed 1920. The spillway crest is at R. 1 180. The 


silt deposits | ‘were deduced from ‘regular samplings above slack water, 1910 


to 1916, and above slack water and below the dam, 1917 to 1924.0 


e Dhukwan Reservoir. —This reservoir is above the mouth of Jamni River 


near Jhansi, ‘United Provinces, ‘India. ia. The drainage area is without snow 


storage, and the silt deposits ware estimated, 

Foe Pericha Reservoir. —This is 30 miles below ‘the mouth of Jamni River 

and 3 35 miles below Dhukwan Reservoir. «Silt It deposits are reported to be 


negligible. reason for silting Reservoir and not in this 

-Teservoir | could met be obtained. Silt 1 by Dhukwan Reservoir 

not fully explain. this phenomenon, since it is 23 years old and has 


Tost” one- fourth of its” capacity, hile Pericha Reservoir has" one inv 


q Habra Reservoir am dam broke in a 
Was sluiced out. The reservoir was put in service again in "1886. 


years _sluicing been resorted periodically. t 


deposited should be increased by that river carries approxi. 


mately 1% of silt by w eight per annum, 
Helena Reserv oir. -—The domestic water supply 1 ‘Perth , estern 


Australia, is furnished by this. reservoir. Surve eys were ‘made in 1913, 1920, 
1930. The stream into the reservoir from to 1930 registered 
a per year ‘of 151 000° acre-ft and a minimum of 190 acre-ft. 
Hamiz Reservoir, in Algeria: —Periodic sluicing was begun in 1901; 23% 
“of the total water ‘supply i is in sluicing out part of the silt 
deposited prior to 1901 has 
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deposited, a delta. ‘building the material sorted ag 
it is deposited. _ The finer material is carried far "out into” the reservoir and 


over bottom. This part. of the delta consists the 


area the apex of which is ‘the mouth of ‘the stream. For. ‘distinction ths 


Superimposed on this is the stream’s bed | 


load deposited over a fan- 


shaped area, and called the foreset bed. ‘These deposits are also sorted, the 
coarser material settling first. ‘The foreset. beds are deposited layers or 
strata normally inclined to the horizontal at the slope of repose of the 


material in its” saturated” condition ((81) (82)). These strata vary in 


thickness and in with every variation of the stream’s bed load 
process of building the foreset beds is somewhat analogous to that of 
building road grades by ‘continually dumping _material ‘the advancing 
face. If the advancing face were fan- -shaped each ‘earload was | of 
fe: _ different material in size, hue, and condition of saturation, a faint picture 
ie of the process of laying down a typical foreset ‘bed may ai 


The top surface of typical foreset bed is fairly level provided the 


“ge surface of the : reservoir remains constant. On top of this is deposited 


= the: suspended load of. the stream in ‘the same mi manner that the original 
bottom set be beds were formed, except these deposits on top are of 
material. ‘This part ‘the delta is called” the top set 
bed. The finer suspended material is “carried beyond the foreset bed and 


a as bottom set bed in advance of the inclined strata of the forese 


the river flows over top of the foreset bed, ‘it ‘may form ri 
ore dunes, and anti- dunes. Often the top set beds dua! superimposed or over | 


these dunes and ripples, preserving them intact. 


deposits to be made at each level, delta is formed in benches. such 


 , 4 would be those in certain natural lakes the levels of which vary only with 
3 cyclic weather changes, as, for example, Great Salt Lake. . When n the levd 


composite of coarse > and d fine ‘material of consideray greater density than 


would be found in either of delta beds in their’ idealistic state. 


a If the lake level varies periodically, but with sufficient time for deltaic 3 


= varies ‘seasonally, such as is the case with most artificial reservoirs that may 
a be emptied and filled one or ‘more times each year, the delta soon loses its 

__ Variability of stream regimen, variabi ity reservoir levels, and vari 

4 ability of materials transported, introduce great complexities. Deposits at 
4 
ne level cut through at lower level and Te- “deposited farther out; 
‘waves re- -sort and flatten the slopes. ‘The net result of these complex an 
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Where the reservoir capacity is small compared to the annual inflow, it 

may happen that a considerable part of the ongannne load is carried through : 

‘the reservoir and only” the bed oad is deposited. This is. evidenced on 
‘many streams where the space above e dams has com filled with 
carne gravel and 

wi A sediment- ~carrying stream in a valley builds its bed and banks higher | 
than the surrounding» land. Alluvial valleys normally slope away from the 
stream channel. As the banks: become higher the stream slope is reduced | 
untill finally a flood cuts through them and the river forms 


and, it stands as lake until it is filled by pp 
from overflows and wind- borne materials. 


aw 
AU dam across a stream bed not only induces filling the slack-water 


‘space above it, but induces the deposition ‘of river débris a long distance wy up . 
a of Creek near Calif., before and 


3.—Dfris BARRIER ON Br AR COMMISSION. 


Te oF such lev may be “controlled flash- or 
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e effect of withholding an enormous volume of coarse river débris | 4 = 

assing to the lower lands. This serves to illustrate an extreme case a ia 

Be agerading a stream-bed where only coarse s 
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reservoir of that ‘much water-holding capacity. tely, a rese rvoir | 
a8 silt “laden | stream n will, fill up to the spillway level, leaving only a meander 

ing stream | 1m channel on the alluvial p plane made by these deposits, 
a Table 1 shows the average rate | of silt, deposition per annum. The sails 
ful | life (of a reservoir not the “number of “years obtained by dividing 
its” ‘original capacity by the deposition 1 rate per. year. gener: alizations: 
e not permissible. usefulness of storage reservoir. be prac- 
lealir exhausted when its capacity has been reduced 50%; or ‘some other 
antial part of its original capacity. On the other hand, reservoir 

ower purposes may still be useful after it is completely filled. 
The rate of silt deposition diminishe $s as : the reservoir fills. Deltas will 
1 at the mouths of all tributaries. . As the “deposits fill the storage space 
a of quiet water is available for 
of.the finer with the result that a continually increasing part of 
material entering is carried over the extreme 


“earlier may be u and 1 out of the reservoir. 


Space Occuriep 


een and volume of silt is one of infinite 


= here is no fixed relation. . The specific gravity of 


5 quite constant. . The difference in unit weight of silt, therefore, is almost 


entirely | a matter of the voids, 7 


_ Assuming as fair average of the vecific gravity of the silt parti- 
the weight pen cubic foot of dry and saturated silt may be 


TABLE 4.—Comrutario ON: or Dr Dry AND Saruratep Sun 


IGHT PER Cusic Foor Weraut per Cusic Foor 


Dry silt ‘Saturated iit | Saturated 


When silt is first deposited it is loose and flocculent, and the finer the 
silt the greater the volume it occupies. As. it Ties in place and more 


“ment is ‘superimposed, it becomes: more and more compact. Some have 
contended that the water pressure tends to compact the silt. -Borings in 
silt deposits in California reservoirs (41) have shown: (a) That a definite 

rater- table « exists in the deposits commensurate with the water level of th 


a reservoir; (b) that the below the water- -table a a flocculent ; and 
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that deposits not shut off spring water inflow on the beds of reser- 
voirs. Under such conditions the silt deposits ‘are not consolidated by water — - 


pressure but by superimposec 


‘most ‘potent factor in compacting silt ‘is exposure and consequent 
| drying. The shrinkage of these deposits is ovidenced the cracks” that 

form in a sun-dried exposure of silts, 

Sands are not subject to such shrinkage. re, of shrinkage, 

"therefore, depends largely on the proportion of sand to clay and on the 
‘ . fineness of the clay. The more uniform the size of the particles the gree ater — 


the voids and the less the ‘specific weight. Deltaic deposits subject to wave | 


| action mn at all stages may become well graded from fine to coarse and, there- 
fore, may be very dense. 
These observ vations serve to apaere why such disparity has been found | 


in the volume- weight relation in various localities and by various investi 
| gators. ollett (48(a) ; 47) used specific weight of 5 53. ‘per cu 


f - for the Rio Grande silt. This was determined | by selecting a single 3-in. 


from a sun-dried river bar. This ‘sample w was taken in 1904 and that 
weight has been used in all tables of the Rio G rande silt at San ‘Marcial, a 
N. Mex., since the beginning of. the silt record in 1897 Humphreys and 

Abbot in 1861 need a weight of 120 ‘Tb per eu ft for the Mississippi River 


Samples from exposed in reservoirs in Texas showed 


au y weight, in 
Coarse silts at head of reservoir, probabl consisted 


Fine silts from much the same location............ 8! Back 


A, Deposits on surface of silt beds near middle 

aie 


Binest material deposits in old 
river channels | 


Seventeen samples exposed “silt beds of Butte Reservoir 


yielded the data presented in Table 5. 4s 


‘TABLE 5.—Samptes Exposep Sirt Beps OF 


Weight as taker, in pounds per cubic foot....... «124.3 

eight dry, in pounds per cubic ‘foot. 
Percentage of voids 


Average 


Minimum 


In India (20a) engineers have of the Indus ‘River, 


wet, averaged 95 lb per cu a ft and | that they contained 45 Ib of water 
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, we ight of the silts of the ee River with greatly - varying 


10 


Centro, Calif. 9 2 
_Imperial, Calif. 
Experimental Calif. 


The v the ‘ary’ of all the sediment filtered from the 
daily samples from Opeur d’ Alene River, Idaho, for more than a year (con- 
sisting largely of tailings from ore- reducing works) to be 50 Ib per eu ft. 
as if it were not for the uncertain quantity of silt carried into reservoirs as 
EE load, it we would be quite a a simple 1 matter to determine the space occupied 
by the silt in streams flow ing into 1 reservoirs where the volume 
of deposits have been determined by careful capacity surveys. The com- 
parison between suspended silt and. deposits i in the Elephant Butte Re Reservoir 
; for determining the probable bed load of the Rio Grande (see heading, “ The 
Bed | Load”), shows the futility of this method the bed ean be 
determined by direct measurement in ‘the stream. 


As a result of their “study. of Colorado silts, Fortier (428) 


_recommended the use of a specific weight of 62.5 Ib cu ft for suspended 


A... silts. This w was a ‘convenient figure because the percentage of silt jy weight 
by volume then becomes equal. For the space jin reservoirs 


- on, the Sater Color ado River, on account of the probable mixture of coarser 


bed load « and | suspended silt and also to: allow for compacting by superimposed 


of 85 lb cu ‘ft (430). 
4 Southwestern United “States, ‘these consistent with 


and can be used without great error. 


It ‘tee 


moved at the rate of 1 in. in 760 yr ss ‘At some time or other, the material 


"removed is transported | by ‘streams. The total of. ‘solids removed i is estimated 
at 783 000 000 tons | per ‘annum, , of 1 which 513 000 000 tons is ‘suspended matter 
270 000 000 tons» is dissolved solids (008) aif 


me) Flowing water has the power to transport large ‘quantities of finely ‘divided 
material as a — load and also to drag other along its bed. 
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this material settles and ‘the bed- ‘load ‘movement is. “Material remains 


Swing 


material the slower it settles; rounded particles will settle much faster fer than 

flat scale-like particles; ; and, ‘disk- ‘like particles settle ‘in still water er (flat 

side down) with an oscillating motion requiring a long time. 

“% The velocity of the water, the degree of fineness of the ‘material, and the 

predominating shape of the particles are three correlated factors that. deter- 

mine the the variant between the suspended load and the bed load of a stream. ; 

On mountain ‘streams the bottom load consists of houlders, ‘cobble stones, 

§ and coarse sand. The transporting of stones along : a stream bed grinds them, 

ultimately, into material sufficiently fine to permit their being carried to the 

s ocean as suspended load or as bottom load of slow-1 moving rivers. _ By far 

: “the greater part of the sediment transportation n by streams occurs at ‘the =f 

ofa flood. “Cloudbursts”_ on mountain streams may cause the “movement of 

millions of tons of. débris, from. fine sands” to boulders as large as houses. 

|The waters of great rivers, at their mouths, seldom acquire sufficient velocities 

to move anything but sand and the : ravels, 

er 

here is no line of demarcation between suspended load bed load. 

In the same stream a given material may be carried i in suspension in one 

“reach a and as bed load in another. A flood will put in suspension | large volum 3 

bof material il formerly deposited on the bed and banks of the ‘stream ar and start 


% rolling: a new bottom load of much heavier material. ra The transportation of 
- detritus from mountain top to ocean bed is thus accomplished - in | stages by 
# aseries of spasmodic reer of stream energy interspersed with h periods 
: 
H Suspended Silt,—Table 6 gives a summary of the results of a large number — 
of measurements to determine the suspended silt content of the streams 
the world. in the United States are arranged alphabetically 
‘Tributary streams: within those ‘basins are 
in order from head to mouth, 
: The Bed Load. —Little information is available as to the quantity of 
sted transported as bed load. Humphreys and Abbot estimated the bed 
_ load at the mouth of the Mississippi River to be 11% of the suspended load. . 
Fortier and Blaney place that of the Colorado River, at. ‘Yuma, Ariz. at 
i 20% of the total load (42d). zu ‘Follett stated that the bed load of the Rio 


Grande at San Marcial, N. Mex., “ may 25% of the silt carried 


“with which it remai ins in suspension or. settles to the The finer the 


Comparing the silt content of ‘the Rio Grande during the years between % 
surveys -(1916- 1925) of Elephant Butte’ Reservoir, it is foved that: 


Total suspended silt passing San ‘Marcial. . = 217 000 000 tons 
; Total silt in reservoir. 178 000 acre- 
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TABLE 6.—S SuspENDED Sint 


ARRIED RY STREAMS 


Num-| Quan- 

ber tity of 4u 
of ob-| water, 
serva-| in thou-| p, 
tions | sands | ammer® 


feet sand | during 


Kremmling, 4/23/-12/30, 1905] 157 


Palisade, Colo. “"4/2/05-5/5/06| 161 
11/1/14-8/31/15|... 


1926-7| (62), (58), (at 

Bright Angel Creek, 1927-8 q . -1(62), (58) 
Arizona. t (62), (58), (6 
1928-9} 259] —-1(62), (58), (él 

1929-0] 289) (62); (58); (a 
¢ 2 8 |(62), (58), (6) 


86 13.4 |1 580 
| 

10.0 9 1(62), 38), 

98) 17.1 | 437 |(62), (58), (6 


Ariz... 


j | = 
1914 
191 
1917 

dating 


= 
4 140 
h 


6 
1) 


000 
11/28/99-3/7/1900).... 
8/1-11/5, 1900).. 
500 6/1-12/31, 1905 
te 1914 


& 


615 


Item| 
— 
22 |Salx 
Ciisoo, Utah........ Oct-Sent. 1929-30|......| 13 200: 611110 
— Fite 
— 28 Mis 
. 33 [Mis 
|Colorado. 18 400] 6.5 163 (50c) 38 [Mi 
10700] 10.0] 145 [(50) 43 [Mi 
a ice |Gunnison....... Whitewater, Colo..... tos] 935] 0.132|(55) ~ 
10 |Green... .|Green River, Utah....| 40 600] —8/1/14-8/ (42) 
-| 24 000] 11/1/14-8/31/15]......| 3 000 4 
11 Juan......-|Blufl, Utab..........) 24 000 Oct-Sept. 1929-80)... 1 740} 199 | 45.6 
4 13 [Lite Woodruff, Aris....... 
19 [Werde. McDowell, Ariz. oe 
— 


IN Quan- 
be tity of 

of ob- 
Period serva-| in thou- 
sands 
of acre- 
feet i 


(6) River System 


SusPenpep 


_water, 


thou- |(2000Ib.)} 


Reference 


Millions 
number * aa 


Per | of tons 


sand | during 
| period 


No. Fork, Coens 
Enaville, Idaho. 13/2 6/30/22 1 


d'Alene Enaville, Idaho. 13/21-6/30/22| 466 
Salmon.........|Malott, Wash 5/23/05-1/13/06]| 139) 25.5 
Malheur. . 30] 3/26-12/4, 1905] 186] 134 
Payette. . Horseshoe Bend, Idaho| 2 240} 5/15-9/13, 1906] 1 
Palouse Hooper, Wash 2 210] 5/22-10/8, 1905| 32.2 


Derby, Nev.......... | hie 1 750 
Round Valley, Calif. 


4/10/06-3/13/07 39) 1 130 
5/13/06-3/30/07| 232 


(d) Mississippt River SysTeEM 


4/26-7/30, 1881) 44) 12 800 
2/4-7/30, 1881) 
May-Oct. 1932 


May-Oct. 1932 
—-1/11-8/4, 1881 
11/13/80-8/31/81| 
--3/22-6/6, 1929) 
6/6/30-/2/28/31| 
3/31-6/25, 1879 
-1/15-9/5, 1881 

37 3/15-11/15, 1858 
issssippi 11/28/79-10/10/80 
1879 

12/13 /78-6/18/79 

9/2/30-2/28/31 

 -4/2-6/25, 1929 

9/2/30-1/17/31 

...|11/18/79-10/15/80 

mn 1/17-5/30, 1879 

1929 


09 00 


to bo 


to Or bo 
& 
ow 


12/19/79-10/8/80 
3/12-6/25, 1929 

9/16/30-2/27/31 

May-Oct., 1932 

2 May-Oct., 1932 

May-Oct., 1932 

May-Oct., 1932 
1921-22 
1-120} Sept-Aug. 1921-22 
600) Sept-Aug. 1921-22 
400] Sept-Aug. 1921-22 
600 Sept-Aug. 1921-22 
1930-31 

1929-30 


Nw 


*See Appendix. ae t Number of observations for entire period. — 


0.074] 0.146 |(35) 
0.97} 0.615 |(35) 
0.067] 0. 
0.193 

0.031 


0.055 00024 (55) 


0.053; 0.081 (55) » 


0.0081 (55) 


1.044 |(69) 


SSSSSSSOSSSSSSSS SOM 


© 


— . hak’ — — 

q TABLE 6—(Continued) r we 
| | — 
Stream | Locality area im 

= 

— 
| 

il 
|M I W 0.161) 2.79 J 
28 |Mississippi. ....|Prescott, Wis.........]....... 2.79 — 

29 | Mississippi... ..|Winona, Minn........}....... 0.033] 0.59 18s) 4 
30 |Mississippi.. . . .| Winona, Minn........ 

31 Mississippi... . .|LaCrosse, Wis........]....... 
38] 21 800 | 0.039 
il 48] 54.000 | 0.28 | 20.5 ct — 
if 89/105 000 | 45.8 |(38) — 
12| 41 000 14:2 
36] 20 900 (39) 4 
i!) 21| 29 800 99.0 |(38) 
46|262 000 293 — 
791376 000 | (38) « 
37|212 000 188 (38) 
| 000 42° (38) 
500 29.5 =~" 

27.0 4 (39) — 

45 |Mississippi.....|Tarberts Ldg., Miss...}.........] 3/19-6/21, 1929 140 (38) A 
46 River Ldg., Miss.|.........| 3/3-6/22, 1929 126 
Red River Ldg., Miss.!1 230 000] 9/23/30-2/26/31 46.6 (39 

47 |Mississippi. . .. .|Carrollton, La........|.........] 2/17/51-2/15/52 380 
{| Garroliton, 2/16/52-2/20/53 582s — 
48 |Chippewa......|Durand, Wis....... 050 (69) j = 
49 |LaCrosse......./West Salem, Wis... O71 |(69) 
51 |Wisconsin. ...../Musooda, Wis... . . 135 
52 [Illinois River. . .|Lockport (Sta. 292) 6 400 | 0. 264 |(59) 
53 |tinois River: (Sta. 286)... 6 560 | 0 30 
54 |Illinois River. . .|Morris (Sta. 263)... 10 800 | 0 20, (59) 
55 Illinois River. . .|Chillicothe (Sta. 179 13 900 | 0 150 
56 |[llinois River. . .|Peoria (Sta. 166)... 14 000. | 0 565 

|Missouri. ......|Ft. Benton, Mont... 1433] 4 300 | 0 (43) 
q 2) Ft. Benton, Mont... Seve 3 120 0 749 (43) — 
58 (Missouri... ....|Williston, N. Dak... 1568] 14 600 | 1 
Willlistom, N. 11 500 | 2 5 — 
59 |Missouri.......|Mobridge, 8. Dak.....| 209 000] 1929-30} 1292) 16 300 | 2 1(43) 
60 |Missouri.......|Pierre, 8. Dak........] 244 1929-30} 1220) 17 400 | 3 (43) 
61 |Missouri.. .. ...|Sioux City, Iowa.....| 315 000) 1929-30) 1163} 19 800 | 3 — 

4 62 |Missouri......./Omaha, Nebr.........| 323 000 $630) 20 500 | 4 (43) = 


TABLE 6~ 


as 1 tity of 

a Lovality one Petied Per number * 


Misetsstert River System (Continued) 


..|Plattsmouth, Nebr.... 
 |Plattsmouth, Nebr....].........] 
_|Plattsmouth, Nebr 


2) 


— 


0.374 |(43) 
0.279 (43) 
0.115 
0.166 
1.05 
0.0146/(43) 


35.8  |(43) 
\(55) 


Mont.......| 66 900] July-June, 1929-30 
Glendive, Mont.... 


e, 1929-30 
1930-31 


3. 
2. 
4, 
4. 
2. 
4. 
2. 
4. 
3 

2 

3 

2 

3. 
4. 
2. 
0. 
0. 
6. 
Re 
0. 
0. 
1. 
2. 
3. 
0. 
5. 
8. 
7. 
2. 
5. 
3. 


pir 


.|Belle Fourche, 8. Dak. 
[Belle Fourche, Dak.|.... = 


im bo 
> 


Qo 


Sk 


..|Correctionville, Iowa..| 
Correcticaville, Iowa. .|. 


7% 


(43) 


Kansas ...|Bonner Springs, Kans. 
[Bonner Springs, Kans.}. 
Kansas........-|Holliday, Kans.  Jan-Dee. 


6 


| on 


Number ofobservationsforentire period. 


— Stream 2 
gs --- Kansas City, Mo... .. | 4499] 39 400 (43) 101 
Kansas City, Mo..... 506 000} 4930-31 24 800 193 (43). ‘a 
Missouri. Mo........|. 529 000). 1930-31).....| 27 800 183 (43) 
|Misso |Howard Bend, Mo...... 1879] 273] 45 47.0 
rd Bend, Mo....}... _2/1-10/31, 44) «13 500 104 
— ii 5/20-11/24 1005] 560 
= 71 Milk........ Mont........ 180] 5/20-11/24, 172| 7 570 24.9 (43) 
+ +|Billings, Mont........ 1380] 8 480 
7 240 ill 
n.......{Fort Custer, Mont... . 4/1/05-3/; 1387, 208 0.984 (43) 
76 |Little Missouri. . edora, N. Dak......].... 660, 16.8 0.822 
Cannonball. ... .|Ti rN. Dak...... be 60) 1920- 0.730 (43) 119 
— Wakpala, 8. 1929-30) f121) 0.363 143) 
— |Niobrara.......|Verdel, Nebr.........| 12 800 46.5] 0: 
Platte... Nebr........].... ..| 4440 | 1. 
— 


_ 


TABLE -6—(Continued) 


‘Stream 


[Smoky me ..|Mentor, 


Mentor, Kans.. 
Hill... 


Big Blue... Randolph, Kans... .. 
Randolph, Kans. 


Ohio. 


“122 |Salt Ficof Red R 
al 
North Fk. of Red 
R. Granite, Okla. 


..|Darden, Tex. 
Atchafalaya... .|Simmesport, La... 
Simmesport, La 


vc 


| 


jen 
j j 


“3 Number of observations for entire period. __ 


Appendix. 


ie 


Num- 

ber 

wi of ob- 
Period | Serva-| in thou- 


Drainage | tty of 


area, in 


water, | 
Per 


Quan- SusPenvep SILT 


Millions 
of tons 


sands | thou- |(20001b.) 


of, 
| period 


1930-31 
1939-30 
1930-31 


2/24-7/1, 1879) 
9/23/30-9/19/31 
4/11/05-6/28/06 


/4/12/05-8/16/07 
5/20/05-8/19/07| 447] 


5/13/05-3/22/07| 
9/8/30-9/23/31 

1/21-9/28, 1931 

9/10/30-3/24/31 

3/19-6/22, 1929 

9/23/30-2/27/31 


750 


| 
(e) or Mzxtco Dratnace System mt 


30 000) 1897]. 


1898) 


1905] “35 
1906) 112] 1 560 
1907] 118} 2 — 
1910) 90) "352 
1911] 114] 1 800 
1912] 109) 1 500 


420 


t wand 


durin 
peri 


& 
to 


rey 
= 


we w 


| 


queria} 


14.5 | 43.7 
13. 


Noe 


Sok 


DOME 
[roo 
DMS 


mw 


(48) Rae 


19.200) 1930-31 176 191 a3) 
880] July-June, 1920-30) j244) 79.8] 1.76 101 43) — 
101 1930-31)... : (43) 
and..........{Summer, Mo...--.....| 880 1930-31].....| 959 | 2. — 
"761174 000 | 0. — 
112 |Arkansas.......|Tulsa, Okla.......... 000] 10/22/30-9/2/31| 94 13 200 | 1 — 
Ozark, Ark 68} | 8. 
116 |Grand.......... 29 700] 10/30/30-9/2/31 1331 3 960 a 
118 |Yasoo.......... 7 9 — 
[Red |Denison Tex | 36. 22 139) 
ittle Riv Horatio, Ark ........|.... 125} 1010 
130 {Kio Grande. ....|San Marcial, N. Mex bee 961 (48) 
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TABLE 6—(Continued) 


baal 


ce N. Mex. 


a 


é 


4 


Paso, Tex.... 


Fort Quitman, Tex.... 
.|Upper Presidio, Tex... 
Upper Presidio, Tex... 

be | Upper Presidio, Tex 
Rio Grande... .|Lower Presidio, Tex... 
Rio Frande..... 


Lower Presidio, Tex... 


:.|Mineral Wells, Tex... 
Waco, Tex. 
College Sta., Tex.. 


Rosenburg, "Tex... 
Tex. 
Witchita Falls, Tex... 


"150 |Sacramento. . Bluff, Calif. 
= Bieber, Calif... 
Oroville, Calif. 
Winters, Calif. 


See Appendix. With all closed basins eliminated. 


3 640 


30 000 


1926 
1924 

....|  Jan-Dee., 1925 


400) 


1/11-10/25, 1926 
1929 
Jan- Dec., 1930 
1931 


Num-| Quan- 
ber | tity of 
of ob-| water, 
serva- 
tions 


sands 


of acre- 


feet. 


m Jan-Dec., 1913}... 


1924) 
 Jan-Dec., 1925] 
1926) 


7/7/05-12/27 /07 
7/20/05-4/20/07 
5/22/05—4/30/07 
5/19/05-4/31/06 
4/26-8/4, 1905 


Oct-Sept., 1924-27]... 


Oct-Sept., 1924-27 


dan-Dee., 
Oot Sept, 1 24 


Oct-Sept., 1924-27 
~ 2/10-12/31, 1900 


901| 
1924-27)... 


1901) 


300 


He ~ 7/8/05-8/28/07 


7/7/05-3 /2/07 
6/25/05-2/14/07 


805 1/2/06-3/1/07 


446! 20 800 
285| 924 
379| 9 600 
371| 873 


‘in thou- 


SusPenpEeD Sit 


Millions Reference 
er | of tons =~ 
thou- |(20001b)| 
sand | during | 
period 


wow oroo 


to 


SSONAD 


O 


gon 


OO bo 


noe oOo 


Qe 


0.107 
0.106 
0.098 
0.43 


3.02 
0.133 
(1.26 
507 


(55) 
(55) 


ow 


| 


— No. 
— — Contin) 
oul 137 500| | 26) 780 3.63 
17, 1929) 3 360 3.40 (14) 160 |( 
69 6/13-12/16, 1925 5 690 | 4.40 (14) 
abe: tio Grande. Matamoras, "9 900 66] 1 110 5 0. 
— 


| October, 1934 
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> 


N -| Quan. |SusPENDED Sit | 


oftob-| water, | | Millions 


Locality area, in Period serva-| in thou- 
Per | of tons 


square tions | sands 
miles thou- |(20001b.) 
in | of acre- during 


ics 


 6/22-8/20, 1905] 


om 
a 


no 


ss 


Aswan, Egypt 


Bes 


wo 


| 


own | an 


to 9100 
a 


Jan-Dee,, 1913 
1914 


00 00 2 


74.5, 


. 


| .|Orange R. Sta., C. P..|.......-- /Jan-April, 1920]..... 5 990) 6.9| 534 |(56a) 
3/17-5/31, 1921|... 2100; 4.4| 13.2 |(56a) 
161 [Lower 11/18/19°5/5/20) 8.70} 142 |(56b) 
Kimberley... 1/1/18-12/10/19 14 100] 1.88 36 |(56c) 
163 |Tigris.......... Amara, 4.1) 3.00 


Kitsna. Bezwada, India... 97 000| 6/22-11/30, 1898 800 (2. 78 (21) 

165 |Indus.......... Sukkur, 1902|..... 200) 2.70] 319 


— a * 
19, 300) 1. QQ 
Aswan, Egypt........ April 1 280 4 — 
— 
| 
.—l 
— 


Locality area,in Period serva- in thou- | , Per | of Reference 
= 


2.86) 4 
3.08 
3.55) 
2.80) 
Ts 172 |M 
2.80 
2.98 
t 


for) Ba 


dos 


ag 


Jan-Dec., 1894 
Jan-Oct., 1895) 
.|  Apr-Oct., 1896) 
June Aug., 1897 


24 years, total mean]... . 


Hankow 3/11-11/8, 1923] 14) 530 000) 0.53] 380 |(68a) 
1/28-10/30, 1924] 17) 520 000 0.27] 190 |(685) 
March 0.08] 3.72 q 


— 
22|....... 
ES 
— 
— 


October, 1934 


— 


rainage of ob- water, 
‘Stream area, in Period serva-| in thou- Millions} Reference 


of tons 


square tions | sands 
thou- |(20001b.)| 
in | of acre- sand | duri 


0. a... 
0. j 55. 0 


= 


169 Yangtse. . er 


‘a 


0.13 


_5/1-9/30, 1919}. 300) 39.5 |1 


170 Huang Ho (Yel- 
(12) 

(1); 


172 |Murrumbidgee. .|Burrinjuck..........] 000] 7/1-6/30, 1910-11]... 0.15} 0.162 
"1 11-12)]..... 440) 0.24 (0. 142 (58) 


386) 0.37] 0.195)(58) 


Total meen... thy 


2 


. side weight i is correct, 187 000 : acre- e-ft of suspended ak passed se Marcial, = 
. which is more than was deposited in the reservoir. It is believed that only a 2 
a negligible quantity: of silt passed through the reservoir. y. On the basis of 
65 Ib per cu ft the volume of silt pa: passing San Marcial amounted to 153000 a 

ft of suspended silt, leaving 25 000 -acre- -ft for that brought in bed 
~ load. This is 16% of the suspended load. It is thus seen that, in this case, = 
the estimated volume of the bed load hinges on what specific weight is adopted mo 


1 


The writer investigated the silt. carried and deposited by Coeur d’Alene 
Ri 


iver and from the resulting data made a rough estimate of the bed. load. 
‘The investigation involved 9 miles of the river above Rose Lake, Idaho, in 
twenty-six cross-sections were established and ked. 
Surveys 4 for silt content were made in,May and November, 1921, and im. i 
and July, 1999. Daily water samples were taken above and 
this ‘Teach, | Of the: suspended entering the reach, 15% was fine silt 

from ore- reduction works in the Coeur d’Alene Mining District and 25% 


was natural débris. The following data were obtained: bt pene 


Period (May 138, 1921, June 30, 1922), in days... 414 

iJ Suspended silt entering reach, in tons.............- 444 600 

Suspended silt leaving reach, in tons..... 863 100 


- 
© 
for) 
> 
om 
ic) 
kh 
ct 
t 
o+ 
@Q 
< 
° 
Q 


Suspended silt ‘deposited, in tons....... 81 500 
deposits: determined from eross- “190 000 


j 
— 
4 
— 

t a 
L 

— 

— 

— 

— 

| 
| 
ot 


4 


THE SILT PROBLEM 


is believed that 65 b per cu r cu ft will ‘fairly represent the average specific 
weight of these. deposits. this v value, - ‘the bed load, in cubic yards, is 


found tobe: 


Total deposits, from 


Suspended 
load 


From this, it appears that the bed load and suspended load. were 


equal to one-half the total. Although: this work was done with 
considerable uncertainty ‘still remains. The volume assigned to load 


hinges on the specific weight assigned to the deposits. . If instead of 65 Ib 


Bd cu ft, a value of 80 lb is. used, the bed load becomes 115 000° eu yd, 0 or 


of the deposits measured in place. it 50 Ib is the bed load be- 


ae Again, if the sampling gave results. 10% to too high at the upper end and 
10% too low at ‘the lower end, , the e ‘entire volume deposited would have to 
be accounted for by bed load. if these errors were reversed the entire deposits 


would have come from the suspended load. a 


be better to express bed Toad as the loud 


Suspended 


Rio Grande, at San Marcial, N. Mex........ 
Colorado River, | Yuma, ‘Aris, (Fortier 


Coeur d’ ‘Alene Riv er, at Rose ‘Lake, “Idaho... 49 


The foregoing data are to be considered only as the roughest capproxima- 


tions; some are pure estimates, but they constitute the only ‘data known 
the writer. The difficulties of differentiating between bed load and suspended 


ee load are well illustrated in the case of the Coeur d’Alene River. Strictly, 


_ there is no line of demarcation—one m« merges indistinguishably into the other. 
As far as known no successful attempt has a to measure the 
Laws of Sut Transportation Ordinary river flow is bi mov- 
ing water prism contains many eddies and cross- -currents, | These serve to. 
maintain the finer material in n suspension and roll the coarser along “the 
bed. The same material may alternate as bed load — and suspended load. 
Bellasis (15a) defines suspended load as “silt”, bed load as “drift”; and aos! 
of material per unit volume | of water as the “charge”. 
__ There is an upper limit to the quantity of material. a stream of given 


dined velocity. can transport. Such a charged stream will deposit silt at 


ine every reduction of velocity or decrease of turbulence | and pick up more, if 


available, at every increase. fully charged stream can not scour material 


from its channel, but. its power of moving the drift or bed load is not im- 
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me 


= 
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‘THE SILT PROBLEM 


About 1900, R. G. Kennedy, Executive Engineer, Public Works Depart-_ 
ment, Punjab, India, advanced _the first formulas for transportation of ails” 


Oe 


“by a result of his study of the Bari Doab Canal System. nnedy 


presented th the theory that there is a critical velocity for each depth that a 


neither scour nor permit ‘deposits. His. general formula is: 


= which, Vo i is the critical velocity that will ‘adil drop nor pick u up — 
— . dis the depth of water; and C is a coefficient depending on on the kind 


values of the in Equation have been established e 


_perimentally (see Table 7 


7 ABL LE —Consr: ANTS FoR Si Su IBSTITUTION E (1) 


Upper Bari Doab Canal, Punjab, India. 


— 


in 1929 ‘advances ‘the a stream: flowing on 
if its own alluvial plain possesses the following quite remarkable characteristics: 


pea cross-section on straight reaches tends to become semi- -elliptical. — 
—The parameter of the ellipse (ratio of the major to o one half th the minor 


ais or surface width to’ eee depth) depends solely | on the character of 


 38—F or a given discharge, the wet perimeter is constant and independent 


> 4— —The silt factor bears a definite relation _ to the roughness coefficient in es 


er and Manning formulas for discharge. 
attempts to apply the Kennedy formulas t ‘tot ‘the Imperial Valley 


ditions have proved unsuccessful (42e), and it appears that the Lacey formulas — 7 


ae is scarcely possible ‘that the complex laws of ‘sediment t transportation 


and deposit. can be expressed for all. kinds: of river débris from dust to 


~The writer is quite familiar with the Platte River in Nebraska. It flows 
fo oona deep bed of pure sand. The cross-section — is anything but elliptical, and ha 


the: channel conforms to no law except that of the mythical ‘ ‘Powder Sayin ’ 
at the 91st Division of the American Expeditionary Force, whose slogan was: 


—“Tt?s a mile wide and an inch deep; we can swim it!” —™ 


The original paper on file in Engineering Societies "presents the Lacey 


ulas with ee and discussion. 


| 
| 

= 
a 

| 
— 
— 

0.91 | 0.57 | Kennedy ay 

| 
| a 4 
— 
— 
— 
— 
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Effect of octane a Silt- Laden Stream.—This promises to become a 
om most st. important phase of the silt problem. The Boulder Reservoir will dis- 
"charge clear water for the first time in untold ages into an alluvial: river 
channel. Moreover, the discharge will be ‘much more > uniform than “now 
_ obtains. : What effect this will have on the regimen of the river, and how it 
_ will affect diversions into canals will be watched with ; great interest. ‘Changes 
_ in the river channel of a silt-laden stream, after its regimen as regards flow 
Pi and silt content has been radically altered, have been exemplified in the Rio ae 
Grande below Elephant Butte Dam. In the 125- -mile stretch below 
storage dam there are four dams d div verting water into six irrigation canals 
(60). The changes in river regimen that have occurred d since the storage 


reser reservoir began operating in 1915, are listed in the 
TABLE Cu IANGES IN Recimen OF GRANDE 
San Marcial, N. Mex... 1897-1914 | 1:150 000 | ............. 
- 
San Marcial, N. Mex....| Oct. 11, 1904 000 
San Marcial, N. Mex... .| Sept. 29, 1929 “4 
June 12, 1905 ob 
El Paso, Tex..........-. Sept. 3, 1925 4 


San Marcial, N. Mex.... 1914} 18 | 22 800000 


] effect on the river r channel has been to flatten the slope as ; 

indicated ‘by cross- -sections of the river taken since the storage began (1915 


on For the first 100 miles, the river has disposed of the débris from t tributari 28 
in addition, has as taken about 480 acre-ft (2100 000 yd) from its: 
bed and banks and deposited them in the lower reaches. This degradation 


- must continue until the river channel consists of a series of slopes between the 
- diversion dams or other natural obstructions, just adequate to pass the mean- 


water and silt discharges under the 1 new regimen that obtains under storage f 


On the Colorado. River after the Boulder Reservoir is i in operation 
i. 


q 


| 


- flattening of the river slope may be expected because | large floods will be no a 
3 more. Material will I be picked | up from: the river channel by the clear water 
In time, the finer 
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a fairly clear stream, it is muddied by floods on n the tributaries. 
‘Research on Silt Transportation.—The laws of silt transportation 
B bebe only imperfectly. They are now being made the subject of intensive 
~ yesearch in both America and Europe. The first experimental study of the 
laws of sediment transportation with particular reference to bed load was 
undertaken” by Gilbert (77) about 1914. His laboratory consisted of flumes 
with glass sides in which varying quantities and sizes of sands were introduced 
into streams of varying g velocities. 1 ‘He observed transportation by saltation, 
the phenomena of sand ripples or dunes, and the conditions under which | 
‘te migrated up stream or down stream. Mf He developed equations for the 
tractive force to move sand mixtures. The work of Gilbert has not been 
Interest in this problem has again been stimulated and model experiments, 
together with mathematical studies of stream dynamics, are being made. 
MacDougall (71) is beginning where Gilbert left off, experimenting to deter- 
mine the laws of bed-load transportation. Vogel (76), Matthes (75), a 
of experimenters at the United States Waterways Laboratory. 
Vicksburg, Miss., are working extensively w with models of particular reaches 

‘- the Mississippi and other rivers, studying the silt- -transportation problems 


as shoaling, scouring, building of effect of ete. 


oy Rubey (73) on the ‘movement of débris as related - the conservation of. 


energy in river systems, are all adding greatly to the sum total of the 


knowledge concerning the phenomena of sediment turbulent 
flow which are inseparably b bound together, 
These studies are incomplete, and discussion regarding the 


_ Except on certain small reservoirs toe municipal or ‘industrial purposes, 


t is generally to remove borg substantial quantity, of silt 


permanent “deposits. certain circumstances this is quite 


Some examples which effective measures have been taken to. 
such permanent silt deposits will be cited. 


oe The Aswan Dam is provided with sufficient sluice- gate capacity to pass 


the entire ‘flood discharge of the Nile. These ‘sluice- -gate are opened at the 
of the flood period, and the river flows ‘through | the reservoir 


4 


“practically as if no dam existed. _ During such flood periods, although i 


Mile is heavily charged with silt, no depositions occur in the reservoir, 
After the peak of the flood has passed, and the river begins to Tun clear, 


ae the sluice; -gates are gradually closed and the reservoir is filled for use dur- 
a 


the subsequent irrigation season. this operation silting of 


pe 
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been attained by opening sluice-gates of onal 


in . the dams” at the close of the irrigation season and allowing the semen 


cut through the silt ; deposits, carrying out substantial quantities. | 
 Bhatgurk Reservoir (5c) on the Yeluand - River, in Bombay, India, com: _ aver 
pleted in 1892, is provided with twenty under- sr-sluices, each 80 sq ft i in 
-cross- section. The operations of these scouring sluices shave no appreciable wid 

‘effect on silt already deposited, but having “sufficient capacity to pass the Gra 
average flood, the greater part of the silt is carried off while it is yet in| dur 

the Zuiii Reservoir there were three 14-in. gates in the tower, = 

a two of which became aeesagee by silting. The outlet tunnel through the dam posi 
my is 6 ft. in diameter. In ‘1981, a a 4 by 6-ft sluice-gate was installed i in the Lue 
a gate tower at Elevation 950. first opened there immediately followed 3 
‘ a flow of water and silt under a 40- ft head sufficient to fill the tunnel. From - ent 
1, October 15, 1931, 500 acre-ft (807 500 cu ; yd) ‘of silt were sluiced atl 
4 (Silt Control on the Water-Shed. —Streams draining areas in arid climates, toa 
where fine sedimentary materials o occur r, are always silt laden. such 
q ie _ streams are ephemeral; that is, they flow during storm periods only. | Their gat 
valleys | are of alluvial that may be built up during long | periods of the 
4 


complex and not fully understood. such streams are the Zuni, 


‘ ‘It is quite well established that a good growth of | grasses is is very effec- 


_—-years anc and then appear to suffer a fairly rapid degrading, the causes of a in 


tive in holding ‘the ‘soil. Where the precipitation | is sufficient to maintain wit 
extensive “soil removal is prevented during ordinary amounts of ba 
precipitation, During heavy rains, causing extreme floods, neither grasses 18 
On the River water- shed, silt control was ‘begun in. 1923 
Nutria Creek was found to be supplying most ‘of the silt, and systematic 

meneures om or tributary» were undertaken. Brush and rock checks = 
were built across the main and tributary arroyos at critical sufficiently 
together to form a new and flatter gradient, for the streams. At “sharp ba 
bends elsewhere at critical points rock and brush mattresses were of 

itional protective works 


rotective measures were undertaken i in 1923. 


in 


ma silt-bearing streams tributar to the 
Rio ay Elephant Butte This water- has been 


ae the subject of ‘Special study on n behalf of the Middle Rio Grande ‘Conservancy 
(10). In for former years, this, river had 
valley fi floor having a goodly prayer of broad, en 

which moderate flood waters 


sa 
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THE SILT PROBLEM 
ab 15 ft deep and 1 100 ft, or more, in width. _ At 
= the river si a progressive degrading of its channel from its ‘mouth 
| up stream. _ An arroyo with many tributaries now exists well toward the 
"head: waters. Surveys” show that this main arroyo is 150 miles long 
averages 28 ft in depth and 285 ft in width. The original channel had only © 
aon 19% of the volume of the present channel. These ¢ arroyos are being \ 
widened by caving of banks and transportation of the s silt into the Rio 
Grande and on into I Elephant Butte Reservoir. It has b been estimated thi q 
during: the 423 years prior to 1927 a total of 395 000 acre- ft « of silt has been 
aa from the valley floor of Rio Puerco and its tributary channels. ; This 
a is an average of 9 400 acre- -ft per yr and is nearly one-half the average de- a 


posits in E lephant Butte Reservoir. - Protective measures have been planned, 


but to date have not been undertaken. 
Excluding from Canals. —The problem of preventi ing débri is fr rom 


entering canals diverting. from silt- bearing streams has occupied the seri 


attention of engineers the world over. 
On streams that run clear at ordinary stages, but carry a coarse bed a! 


eed, the best solution has been found to construct the canal gates parallel 
to the shore of the stream and provide them with flash- board or over- -flow 
& gates” so that the water taken into the canal is skimmed off the surface. If 
the water is raised by a dam, a sluice- gate is provided so that \ débris deposited — 
i in front of the gates can be shuiced away and passed on down the river 
whenever a surplus of water is available for sluicing. 
‘ ra On streams that carry considerable suspended silt in addition to bed load, 


basins have been in n conjunction 


is “afforded by the bend works of the Fort Laramie Canal, of the U. S. Bureau 
of Reclamation, at on the North Platte River, 
; nt All-American | Canal. —On | streams heavily laden with fine suspended silts, _ 
such as” Colorado River, desilting is a serious problem. On account of 
the slowr mess ; with which this silt settles e even in still water, enormous. settling 
basins are required. Studies are now (1934) under way for the head-work: Z 
“of the All- -American Canal from the Lower Colorado River. The intake 
structure is planned to be located about 19 miles. above Y uma, Ariz. Enormou 
desilting basins have | been included in the preliminary designs. 
vy Ade Rothery, M. Am. Soe. C. E., has advanced (27) the theory that, in — 
this stream, exclusion of the bed load from the canal 1 up stream is of greater 
importance than exclusion of the suspended load, format ot 


The Laguna Dam, the Colorado River, was completed in 1909. 
_head-works follow closely the design silt- laden streams developed in 


“India and Egypt. ' Three deaiien: dams on the Nile River had been constructed A 


during the fifteen n years preceding the » design ¢ of the Laguna Dam. The dam ’ 
is 19 ft high, 4 800 ft long, and raises the water 10 ft a at low water. It a 


water about 10 miles up stream, creating a ‘a settling basin - This basin silted 
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THE SILT PROBLEM 
up soon after the dam was put in operation. — At the ends of the dam a long 
sluice- -way is provided which takes w water from this basin. A long skimming 
weir with crest flash- boards i in the land side of this ‘sluice-way forms the 
—head- -gates proper, of the canal. end of the sluice-way is with 
_ three large gates of sufficient capacity to pass 20 000 cu ft per sec. ‘Fig. 43 is a 


7 
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MW Experiments o on the efficiency of the desilting works at Laguna Dam ae 
. ing August and October, 1918, showed that the water in the main canal at 


3 the head contained 57% less silt than that of the river above the dam (42f). 


anals in India. —Much s study ¢ and ‘experimentation have been devoted to 
methods of preventing silts being taken into the large canal systems from the 
4 heavily ‘silt-laden streams of India. In general, diversion is by means. of a 
low dam | or barrage. Several canals - may head from one diversion dam and 
es A stream in alluvium consists of bends, straight t reaches, and inflection 
points between bends. The latter are also called “crossings”. Ata bend | 
the top: flows toward the concave bank _ the bottom fil filaments flow toward the 


- convex bank. The effect of this | phenomenon is to cause the bed load to be 
drawn t to the convex side of the bend. = canal, therefore, that heads on the 


m © 


concave side of a bend receive less load than one heading 


has Indian practice is to construct a dividing wall. extending u 1 up stream 


from the barrage and reaching above high water. This wall forms: an 


3 i: a proach channel to the canal intake. Fig. 5 shows a plan of the Ferozepore 


> 


a h Barrage, on Sutlej River. Two dividing walls are provided. | mH Under- -sluices | 
aie are ‘sometimes placed in the e dividing wall opposite the canal gates in order 


to draw the bed load of sand away from the intake. ai 


oe i Passing Silt on to the Land.—Silt that passes into ‘the canal at the head- 


works: must be cleaned every” year from the canal system ‘unless the 
are designed and constructed to carry the silt through them 
uy to. the land ‘irrigated, or ‘to discharge ‘it through waste channels, The laws 
Et. il silt transportation have already been discussed. ‘The practice in India 


appears to be as silt as the lands. it 
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rivers ‘that makes it to pass silt on to the Certain 
=? certain. canals have been observed to be practically non- silting and non- 
tity for flows near the maximum. . For lower flows that must be carried 


a part of the season, however, extensive silting inevitably results, 


To oo To 


Left Guide Bank 


Well 


"Right Guide Bank 


vide 


Right Di 


gulator 
Canal 
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above che International Boundary. This structure 
. is of concrete, built parallel to the river bank. It consists of seventy-f -five 4 
openings controlled by flash-boards, by which the river surface “may 
skimmed, thus excluding a part at least of the heavier material. There is 
“no dam except a low brush- -and- rock affair built during some years in the 


low-water period. Silt that enters the canal is removed by dredging. The canal | 
diverts between 2 000 and 6 000 cu ft per sec from the river during th the 
irrigation season. “From the head- works of this canal” 15 000 000° cu yd of 
were: removed by dredging during the three seasons, 1918-1920 


Experience i in the Imperial Valley seems to prove that it cheaper 
te remove the silt. from ‘the Canal System by machinery than to pass it to, 
care for it on, , the cropped lands (429). quantity of silt removed 
_ from t the Canal ‘System by machinery is approximately 4 250 00 000 cu yd per 
annum (58), of which one-third is taken out by dredges at the head-works. _ a ; 
This is a large quantity of material to handle ea each year, but it is a 
tively small part of the amount taken into the system. In 1914, 30 000 000 
=. were haar in at the Hanlon ee Gate. About 4 000 000 cu 


Ts 

state, thus Tar, in the Uline Dehavior of canals is so erra 

re so imperfectly understood that no 
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all the suspended silt is so fine that it will pass a 200-mesh sieve, and the — Fd 
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— to be carried on to the land or passed through wasteways. It is impossible to. 


hold the silt in the | anal System from which it could be dredged cheaply. 


ord 

The disposal of silt in irrigation systems supplied by the Colorado | River 

and similar silt- laden streams constitutes Serious for ti 

adequate solution has as ‘yet been found. vila avail. 

disintegrate into ‘soil by varied and complex mechanical = 

and chemical processes. Rain water dissolves certain constituents; it enters — ms 

“crevices, freezes, and spalls off blocks and particles. Chemical agents in tl the. an 

: - air re-act with those of the rocks, « causing them to break | down and even to. aie 

into dust. Wind, rain, and streams transport the soils thus made pr 

lakes and “oceans, sorting and depositing them in layers or beds sometimes — ba 

thousands of feet in thickness. . Infiltration of limes or other cementing — dai 

agents, great pressure | from superimposed beds, intense heat, voleanic | owe 

and subeoapent cooling 1 re-convert t these deposits into limestones, shales, sand- it 

stones, and various types” of -erystalline metam 10rphic rocks with infinite 

J ‘gradations and modulations as effected by ag great complexity of forces and oO 

factors. Upheavs als and « erosion “expose them again to disintegrating 

ences, and the eycle is repeated with infinite variety. on 

‘Sedimentation is that phase of of the geological eycle involving water trans- tl 

portation ; and deposition. Every rill and river r performs its allotted part in| M 

and valleys are, filled, great deltas: extend fan- like into 


- at Most streams run fairly clear at low stages, but while so doing they ‘may : 
move: quantities of sand and detritus along their beds. At high stages 
suspended silt load develops” and the stream is said to run “‘muddy”. At 
— every slackening of the velocity both suspended load and bed-carried material ie 
deposited, forming bars, berms, deltas, valleys, and alluvial plains, 
rivers carry a suspended load at all times. sf Generally, these rivers 
drain arid or semi- arid areas. It appears that in areas of abundant pre ‘ 
- cipitation the streams are capable of carrying off all the detritus resulting os 
from rock disintegration as fast as it accumulates. result is that 
Je: 


: streams tun clear except at times of flood. On arid areas the débris - from 


disintegration n may remain in place for many y years until a an unusual | ‘Tain- : 
fall (cloudburst) occurs, when great quantities of silts are transported. 


drainage area is large “enough and has many tributaries, ‘the ‘anneal’ 


rainfall is almost ‘conti inuously occurring | g successively in some “places. This 
keeps the ‘main stream continually supplied with a1 an abundance of silt, which 
®t ‘must carry at all stages. Of such, are the water-sheds of the Rio’ Grande, 
“thé Colorado, Missouri, Colorado River of Texas, Yellow, and Indus Rivers 
The character of ‘the drainage area and its vegetable covering are all- 
important factors. the rocks. of the area are -sedimentaries, as 


sandstone, clays, and shales, disintegration processes produce large qua 
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if forests” exist ‘this soil is held ‘in place 


“ail be be held effectively substantial growths of grasses and small brush. 

too arid for small growth, the soil lies at the mercy of every ry shower. 
_ Bank cutting is a fruitful so uree of sediment. _ The process of moving — ; 
soil from the mountains to the sea consists of an infinite number of starts 
Bess stops. ae bar is formed during this flood that may not be moved for 
many years. _ An alluvial | valley is is built up during centuries of sedimentation 
then deleted ‘under a new set. of cultural or climatic ¢ conditions. Alluvial 


f streams: build their beds and banks higher than the surrounding plain, r' 


Process which, however, can not continue indefinitely. A flood breaks the 
prereice and the river finds a new channel, cutting out the deposits it had itself 


er 


aid down in earlier years. The Yellow River built up its channel until the | : 


A? 


_ water surface was 25 ft above its plain. During the floods of 1851 to 1853 
it broke its bank, inundated 50000 sq miles of cultivated valley, snuffed out a_ 
_ million | lives, and found a new mouth 500 miles to the north of its former - 
outlet. This 3 river of mud is often referred to as “China’ s Sorrow” (12). 
The Missouri River is always muddy in ‘its lower ‘Its Indian 
name means “Big Muddy’ much silt” from clay beds 


wa 


Montana, and in its upper valley, in addition, takes continuous 

from its bank through the alluvial plain through which it flows. 

' pa ‘The Colorado River becomes a silt-laden stream after it passes into Utal “or 

Mue th of its drainage area is 80 arid 3 it is quite void of vegetation. Floods 
ge ar 

from local rains oceur in great diversity on its many ephemeral tributaries 

that. | the main stream loaded with silt. These characteristics also apply 

»i 4 in varying degr ees to the Rio Grande, the Colorado River of Texas, the Brazos =e 


The Yellow River in Northern (China carries nearly twice | as much silt 


per annum as the Mississippi. Tits « drainage | area is largely covered with 


| loess, a yellowish, friable, wind-blown deposit of fine sands and dust-like 


- soil that is carried away with every rainfall, keeping the streams continually 


surcharged. ; name and that of the Yellow Sea into which it flows is 


derived from the color this loess gives: to the water. od anit 


‘the Indian lie ‘the great alluvi ial. watered 


oy three great river systems. The ‘Indus, with ‘its principal tributary, 
“the Sutlej, waters the western portion; the eastern partion is drained by 
/Brahmaputra; v while between them lies the Ganges. font ail Las : 


The Indus Valley is quite : arid and is covered with | fine alluvial silts and 
_wind- blown sands. The Ganges Brahmaputra areas have ‘a seasonal 
climate. Parts of these areas are irrigation is 


that the streams flow on alluvial deposits, v about 2000 ft 


vert 
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THE SIL SILT 
The Nile is perhaps the most . famous ‘river of history. " The silts deposited 
4 on the lands at the time of its annual inundation have mails the fertile plains 
Lower. Egypt. Nile carries annually 95 000 000 tons of silt, of which 
. - 80 000 000 remains on the land and 65 000 000 is carried into the Mediterranean 
Sea. At ‘ordinary stages, the Upper Nile is fairly clear, but i in flood periods: 
a it is of a chocolate color from ‘the brown soils of the “Abyssinian plateaus 
a - brought i in by the Sobat, Blue > Nile, and Atbara, which streams are the chief 
The Rio Puerco drains 5 700 sq miles of Western New Mexico. The name 
"means ‘ “dirty river’ . It and its neighbouring stream, Rio Salado, are sources” 
of abundant quantities of silt in the Rio Grande and pour these silts into 
that: stream above Elephant Butte Reservoir. Because of this fact Rio 
‘Puerco has been the subject of ‘special study from a “geological | standpoint, 
Be by Kirk Bryan, Professor of Geology, Harvard University, , and from an 
engineering point of view by Mr. George M. Post (10). Because their report. 
contains data that are essentially applicable to many 1y other streams, ‘they 
; a be presented as quite typical of the silt-bearing ephemeral streams of the 


ar 


ub _ The silts 1 move only during floods— a a quick sit of muddy water finn. a 
“dry channel immediately following a rain. Rio Puerco has always carried 

7 large quantities of silt into the Rio | Grande, but this quantity has been in- 
ereased: “materially in recent years. The investigation was prompted by the 


hope ar and belief wud the channel would be and the silt charge 


* abot When first iia the main stream and its tributaries were in a process 
of alluviation. _ The valleys were plains over which muddy floods spread out 


r flowed in discontinuous channels. In places, these channels may have 


=. to 20 ft deep : and 100 ft, or more, , wide, | but they were interspersed by 
broad, flat, marshy a areas over which the water spread i in sheets. _ About 1885, 

3 new arroyo began to form at the mouth and to cut up stream, until the 


Cia reproduced (10), showing | how the alluvial valley was formed and how degrada- 
tion now appears to be progressing in the Valley of Rio Puerco. pork Den 


pas The silts come ‘mainly from the disintegration of Cretaceous ‘wécke that 

a A oover about one-half the drainage area. _ The characteristic topography of 
ee the silt- -producing : areas consists of mesas underlaid by ‘sandstone lying be 
3 tween broad valleys eroded in the shales (Fig. 6). The sandstone cliff is 


by the ‘more rapidly ‘eroding shale along 


The walleys become filled with fine -argillaceous that are eroded ‘easily 


unless held by” grass or ‘other vegetation. Gullies are formed on the 
‘steep hillsides” that deltaic fans formed by silts” i deposited at 
the valley floor. These deposits form cracks when dried, creating vertical joint 


planes in the: mass. When ‘such deposits form banks of a stream, they 
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ahiy 


neh 


; 


Pans 


ARE FORME 


¥s 


ALLUVIAL VALLE 


a 


£ 


“ 


— 

| 


mble. 


are easily undermined; ; the banks cave off in blocks, crumble, and become 


Puerco began, degrading its valley floor about fifty years 7 
: ioe the successive events as they have been ‘pieced together by historical 
inquiry and geological evidence. The silt derived from the valley walls” was 


_ earried: over the surface and on down stream through discontinuous channels, 


intermittently by the floods. condition i is shown in ‘Fig. 7 
‘the | cutting of the arroyos, the ene period of abnormal erosion or degrad- 


e of silt production passes through 
a a eycle. When ‘the main “arroyo ‘narrow and ‘increasing. i in length 


stream, the rate of ‘silt production is increasing. ‘When it becomes a con- 


‘silt ‘production a maximum. “When 
wide that the floods” only t touch its sides lightly or intermittently, | 
caving @ and consequent silt production, begin to diminish. 

A time will come when the entire slice of alluvium above the new grades: 
4 of the main 2 and tributary, arroyos shall have been removed (Fi ig. 7(d)). The 
: valley then reverts to the condition shown in Fig g. T(a), but ata lower level. 
a. process of alluviation then sets in that senile to build up the valley fl floor 


to some higher level. After this has been accomplished, the cycle of degrad- 
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uterops 
ancient channel : are readily dintingoishable its filling i is 
in color than. that of. the present valley alluvium. The bed of the ancien - 


a Wynne was about the same level as the present channel and varied from 7 75 
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Traces of other channels were found, but not mapped. These buried chan- 
nels represent a period of erosion and degrading similar to that go going on at 


present. wi as followed by a period of -alluviation, completely 
i, obliterated traces of old arroyos and in general made a plain of the valley — 


| 4 floor over which the flood “waters could spread and continue the upbuilding 

of the valley. 

Another famous example ot a ‘cycle of alluviation and degrading 


found in the Rio Chaco (10a), (78) . At Pueblo Bonito, an arroyo from 


150 to 450 ‘ft wide and 25 to : 30 ft deep exists” at present similar in all re 
"pects to the one on Rio Puerco. - This arroyo has been cut since 1860. Potte 


and charcoal, to depths of 20 ft, or more, are found in the peal torial 

‘showing that this alluviation occu#ed during» its occupancy by pre-historic 

peoples. After, Pueblo Bonito and other were built and oc- 
eupied, an arroyo was through the valley floor and later filled by 

alluviation to its original level. here this buried channel outcrops in the 

walls of the present arroyo, malta of very recent occupancy is found » while 


at similar depths in the main valley fill only pottery of much earlier periods ‘A 


This ancie 
“touched, and 1 re- e-crossed it. ie ancient, channel may be | for 
five n miles. it tells the same story of periods | of degrading followed by periods — 


‘These ancient peoples subsisted | largely by ‘flood- water 


these Indian villages (79a). A "subsequent period of alluviation filled this 
arroyo and probably permitted re occupancy. The present , period ‘constitutes 


River has been the subject of a 1 study. to that of the 


tio Puerco: (0c) It is an ephemeral stream, carrying only flood waters 


and larae quantities of silt. The . drainage basin consists ‘mainly of plateaus and 


= mesas- -underlaid by Cretaceous _ sandstone and Shale. Like Rio | 

~ Puereo its silt is derived mainly from the | erosion of the banks of arroyos a 
out in the valley fill. This stream is also undergoing a process of degrad- 


“ Ancient channels | wile been found in 1 the V alley of Zuii River, also, that 7 
attest to earlier periods of alluviation and degradation. Fig. 9 is a sketch — 
: of such an ancient channel exposed in the high banks ‘of Nutria Creek. oe 
ae Causes of Valley | Degradation.—No « complete explanation for these cycles” 
oa of alluviation ; and degrading has as yet been found. _ The potent factors are 
‘deep seated and are quite certainly beyond ~Man’s Power to alleviate to any 
“great extent, except in certain favored situations. The cause is ; probably to 
4 cs found in climatic influences, and the phys sics of sedimentation as applied 
to the moulding stream valleys. During a period of alluviation ‘the he slope 
of 
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waters. period of cutting ensues. 
"process of degradation i is carried beyond tl the balance point, and a ‘period of 
sets in. Thus, valley appears to be an endless succession 

twill The writer is deeply indebted to the following for suggestions, construc- 
tive criticisms, and valuable data furnished : Professor Kirk Bryan, Harvard 
‘ University ; the Silting | Committee of the Power Division of. the Society, 
of which, Andrew W feiss, J. ‘Ss. Thorpe, C. Wz Kutz, Thorndike 
Saville, Members, An. Soc. C. deserve special “mention; Bevan, 
‘M. Am. Soc. C. E., Chairman of the Executive Committee of the Power 

_ Division of the Society; the Executive Committee of the Irrigation Division 
of the Society, with special mention of W. H. Code, M. Am. Soc. C. E,; 
‘the Special Committee on Irrigation Hydraulics, of the Society, of which 
Fred C. Scobey, Ivan Houk, and J: L. Savage, Members, Am. Soe. OC. E, also, 
E. Ss. Lindley, M. Am. § Soe. — E, co-operating member, deserve special men- 
tion; 53 M. ‘Lawson, M . Am. Soc. C. E., International Boundary Commission, 
El Paso, Tex.; Herman Stabler, M. Am. Soc. ©. E., Chief, Conservation 
Branch ‘ES Chemist, U U. S. Geological 
1 Engineer, U. Ss. 
Bureau of Denver, Colo. as as the following Division and 
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PRACTICAL RIVER LABORATORY HYDRAULICS 
By HERBERT D. Assoc. M. Am. ‘Soc. 
D. Voorn," Assoc. Awe Soc: C. E. letter)"*—Inasmuch 
as. the main ‘purpose in presenting a. “paper on ‘practical river q 
hydraulics was to drew : ‘out constructive thought on the subject, the many ; 
73 discussions which ensued have proved most gratifying. | The fact that ‘several ’ 
a 


Hy have emanated from young men in the profession is also encouraging because, — 
io the science itself is young, its full future development will rést upon 


engineers ‘who have years of growth ahead of them. Y The principal point of | 
disagreement among those offering discussions, fortunately, is one which 
iJ should be easily settled by the” newly, ‘appointed Special Committee of the 
Society on Hydraulic Research. No one individual | can lay down symbols — 
and nomenclature which will be 1 universally , acceptable, but § an impartial com-— 


“mittee, acting on the matter, _ should be e able to arrive ata gener rally y satisfactory 7 

Professor Straub favors the designations used the paper with 


“reservation that symbols for scale should represent whole numbers instead 


of proper fractions. " This makes for a certain degree of simplification, | but 
“may cause confusion, in the minds of those who have habitually expressed — i 


scales—as of maps—as proper fractions. The effects of distortion have been _ 


well brought out by Professor Straub and recent tests conducted at the 
US. ‘Waterways Experiment Station have served to verify. a number of his 
“Points. In the case of a model of the St. Clair River from which it. was 
desired to obtain. the hydraulic e effects of submerged ‘sills, it was found that 
a dist distortion of about 3 to 1 caused a sufficient departure from the ‘Frovdian— 
law to give results materially different from those obtained : in the case of a 


ro distorted model constructed subsequently. Changing ‘the roughness of “a 
Notp.—The paper by Herbert D. Vogel, Assoc. M. Am. Soc. C. B., was published 
_ November, 1933, Proceedings, Discussion on this paper has appeared ‘in Proceedings, as 
follows : 'February, 1934, by Messrs. Lorenz G. Straub, Paul W. Thompson, Ralph W. 
Powell, K. D. Nichols, and Frank W._ Edwards ; March, 1934, by Messrs. I. H. Patty, 
Charles §. Bennett, and Kenneth C. Reynolds; April, 1934, by Messrs. V. V. Tehikoft, 
‘Samuel Shulits, and Charles D. Curran ; ; and May, 1934, by J. B. Egiazaroff, Assoc. 
“Lieut.; Corps of Engrs., U. ‘Army! Student, The Command and General Staff 
School, Fort Leavenworth, Kans. 
by the Secretary August 26): 2084, 
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VOGEL ER L ABORATORY | ‘HYDRAULICS _ Discussions 


‘model served ‘Sites the results into much closer agreement 
with t those of the ‘non- distorted model, | but practicable limits of roughness 
could” not be exceeded. Tests on the non-distorted “model w with | discharges 
varying from Froudian relationships” relatively the same degree as on the: 
: a distorted model, were | in close agreement with the results obtained on the latter, 
= indicating 1 that if Froudian relationships: been adhered to 


model would have given accurate ‘results. Int this ‘the 


the model (to be obtained raising each template 
“1 from: head to foot t of the model ‘sufficiently to eliminate part of the increase 


in slope due to geometric distortion) was indicated | as a eapiaetted to comply 


with Froudian relationships. “ad aH ya 


‘Had the model ‘been built for the determination of resulting bed con- 


figurations —that is, had it required a sand bed—an increased slope 


to develop adequate tractive ‘foree, a a greater ‘departure 
-Froudian laws would have been necessary. y. Relatively few movable bed models 
comply with Froudian relationships, however, and if proper verification tests 
are conducted this departure is unimportant.” In a movablect bed model the 
“principal objection to distortion is that angles of rep repose of sand banks a are 
—— the same as in Nature, while distortion “requires that they | be 
maintained "much steeper. Professor Straub b has explained this point to 


ini _ Lieut. . Thompson has introduced a new note in striking upon the C Chezy 


coefficient as a criterion for in the ‘model. This entire 

subject is one u 

present, it can only be that the | sum knowledge to roughnes 

coefficients of natural rivers or models is pitifully small and that there is no 

_ index for the actual measurement of roughness. Derabescenao n, m, or C, as 
_ commonly used, are factors introduced | to make | the answer ‘ ‘come out right’, 

include resistance of bends, loss in eddies, effects” of. changes of cross: 
‘unknown obstructions, such a: as wrecks of vessels, 


Powell voices the attitude expressed ‘in stating the need 
His: theoretical treatment 


is the can be advanced at time, and “any 


really satisfactory formula must follow ‘from extensive tests on channels of 
varying” characteristics. tT he American Committee of ‘the World Power 


Conference, i in 1932, undertook the task of co- aration research activities 


- Assoc. M. Am. Soe. C. E., Proceedings, Am. Soc. C. E., April, 1934, p. 443, 


42 See “Sand Mixtures and Sand Movement in Fluvial Models”, by Hans c 
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to the contrary the writer still believes that, as was previously. stated (see 


There is no known shott- -cut? to such and formulas tak- 


Fr ing into account the transporting power of flowing water and the resistance 
ar, be to motion of grain <aeds In suspension or otherwise, are almost invariably 


Recognizing that every condition of bank alignment curvature 


there v will ‘result for each ‘stage an ultimate bed development of unchanging 
. 1 “nature, it s seems more reasonable to “assume a cycle of such duration as will 

| ie fit into a normal working day, and then, for each condition to be tested, to 
1 | a repeat 1 the cycle a ‘sufficient number of times to insure the attainment of stable 
conditions. Both Mr. Patty and Lieut. Nichols recognize this fact, and the 
= & itter has made it particularly plain by his discussion that practical difficulties 
ef . exist, which 1 make an empirical formula nearly impossible of achievement. 
5: t _ The discussion by Mr. Edwards points out once more the possibility of 
| reconciling the with | established laws of friction flow in open 
4 channels. This” in ‘the case” of the St. Olair River 


river to be. with the laws" of. hydraulic . 


established | by Froudian principles. This was accomplished by designing 
. a model so as to obtain a discharge scale based on the Manning formula, and, a 

subsequently, roughening the concrete so” as obtain value for 
: Manning’s n which would bring the discharge seale in n perfect agreement | with 


both: the Froudian law and the Manning formula. A heavily stuccoed -con- 


bed produced the -Tequired frictional resistance (n = 0. 022), and 
* other expedients were necessary to obtain compatibility. Another method of 
‘ adjustment is to change the form of the relationship, d = li, or to add 


done before: laws « can be to meet the manifold 


| er supplementary tilt to the model. Much experimental work must be 


for present the first thing ‘to be recognized is ‘that, 
asa rule, each model is designed for a is, to procure 

t 

7 One 

f ‘ 

model of proportions will “serve to “necessary 

on 


within the range of required accuracy. It would foolish to forego 
all model testing simply because the goal of achievement has been set too 
high. " When funds are not available for extended research and experimenta- 


- tion, it is still” possible that a less ambitious program will yield. results 
sufficiently accurate for practical purposes. 

with Professor Powell in departure 


from the use of standard Greek sym 
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it seem wise to follow their ‘suggestion and 
"while longer to the more easily Tecognized notations. 
; 
Mr. Tchikoff offers a | number of valuable ideas, all of which are , interest- 


ing and few of which are ‘subject to. serious controversy. He expands 


Models”) that: or all practical and kinematic 
‘cine exists when the flow of water in the model i is of the same character 
' as the flow in Nature.” ‘He then raises the ¢ question, “How is one to > judge 
= the two flows are of the same character? ” This is answered by the 
presentation o practical criterion, based upon the Bakhmeteff theory of 
hydraulic flow,” ‘according to which the prototype and model must have the 
same kinetic flow factor and the discharges must be in proportion to the cubes 
of the hydraulic radii. As a basis for the foregoing criterion, it ¢ can be 
assumed that the character of silt transportation, ‘must be the same for the 


_ same silt i in both channels. Mr. Tchikoff, how ever, does not make clear his — 
definition of silt, or his reason for believing it “necessary to use e the same 
material in the model in Nature. if by “silt” material is is meant, 

the factors of slope and depth will control; _ hence, by judicious control “of the 

-model slope and. by careful ‘selection of the model sand, similarity. of action 

is readily procured. is desired to emphasize here, as elsewhere, that in 

general a a model ‘should be designed to fulfill a single specific - mission; that © 

the controlling: factors should be carefully taken into account in each case; 

and that if more than a singe | purpose is to be fulfilled a conscious check 

“The over- -bank by means of 

yo "pebbles, has long been in use at the U. Ss. W aterways Experiment Station, ; 

but in recent months (1934) wire screens s have been found more satisfactory, 

i ‘especially when it becomes necessary t to represent floods of considerable height 
which would. overtop small stones on the over- -bank. Data a are gradually 
being accumulated in all laboratories to determine values” of the non- 

- dimensional roughness c coefficient, but the combinations of surfaces and types. 

of models are si so many as to make the problem a lengthy one. In the mean- 

time, the situation is far from hopeless if adequate data are known of the 
river investigated. a One method is to reproduce a water-surface - profile in 
the model corresponding to less than bank-full flow in Nature; then, by 


A comparing and in Nature, determine definite dis- 


‘akon’ in y Nature: and, finally, to adjust the over- bank roughness on the model 
until a water-surface profile is procured which coincides with that of the 
natural river. Referring to Mr. Shulits’ comments relative to the effects 
of temperature on the turbulence criterion, it is agreed that considerable 
be attached to this item. In the 
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be turbulence i is not an all-i -important siti because if bed movement is is a require- . 
there will “always be high 


turbulence. ‘when ‘slopes and are such 
as to result in the production of adequate tractive force. —T aa 
ae Lieut. Curran states a timely warning in advising against a too o optimistic _ 

; _ interpretation . of model results; but, n nevertheless, recent | progress has been ; 
as to make quantitative ¢ answers frequently obtainable. In cases | where 

exact reproductions of natural developments appear impossible, corrective 

~ factors may be applied to the model results with nearly complete satisfaction. 

Professor Egiazaroft points: out that, assuming turbulence to result when- 

ever the product of. velocity an and depth 0.02, ‘there remains little 

BS for ' distortion of models, ¢ especially in the case of a movab le bed. This would — 


| be | true if turbulence ‘were the only requirement, ‘but if the bed is: of sand 
= sand movement is another matter for consideration, and distortion may 


be necessary for attainment of the required tractive force. The » rapid develop- : 
‘ment of Russian laboratories and the excellent work being” performed at 
Leningrad, make Professor Egiazarofi’s remarks of particular interest, and 
citation of recent ‘experiments gives a valuable sidelight to his discussion. 
ies During the past summer (1934) it has” been the writer’s privilege to re- 
visit leading hydraulic (“flussbaw’ laboratories of Germany and, mentally, 
z ‘to compare their present installations and methods with those of 1929. While 
considerable progress has been made, particularly i in the field of lock models, 
- the advancement has been not nearly as rapid, or upon as broad a front, as 
in the United States. Probably the most important single contribution 
the science is the work of Hans Kramer, Assoc. M. Am. Soc. 0. E., on the a] 
_ movement of bed material i in fluvial models.” Investigations supplementary to 
be studies of Captain Kramer are being carried on at present by the U. S. 
a Waterways Experiment Station and at the Berlin Laboratory of the Prussian 
Government (Preussische V Versuchsanstalt fiir Wasserbau, ‘Schiffbau, und 
-Erdbau) Captain Hugh Casey, Corps of Engineers, U. Army, 
Am. Soe. C. E, but the original work itself has opened an entirely 


tance. tractive force pig is carrying work forward 


it | ‘seems ‘certain that ‘American engineers. are coming more 
appreciate the advantages following from tests of river and harbor odels. 
th nearly every section of the country where important public: works are 
eing constructed , there can now be found the proposed works in 
and under test by competent, ‘well- trained, hydraulic- model engineers. It - 
_ be hoped that the growth will be steady and sure, with a background of 
———. sense and practical applicability constantly maintained, an d that, 
as a result, model studies will take | their proper place. with other forms of 
not. exaggerated in importance, not regarded 2 as 


-cure- val for all but as an auxiliary method available 


ysis. 
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RAINFALL | STUDIES. FOR NEW YORK. x... 


wih 


Buongs E. Assoc. M. Am. Soc. C. E. (by etter)". —The results 
of an analysis: rainfall records presented in this paper, in which 
Frecagead formulas are derived and compared \ with the results of ‘a parallel 
study by the probability method. ~The author finds that the “modified ex- 


. - ponential me method gives results more > in accord with the actual d data than the 
probability 1 "method. » He adopted “Type curve for. use in his 

_ application of the probability method, but does not state why it was us sed 
except that it “fits the data best”. Since e goodness of fit was the sole criterion, 

; * should be noted that a better fitting curve could have been obtained by q 
7 (1) grouping the | data; (2) fitting a separate curve to each group; and (3) 
taking the summation o of all such curves to make the final frequency < curve. 


method would be cumbersome, perhaps difficult to 


4 
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the data in their form any theoretical 


Of course, this | is not true and the fallacy of the argument lies in the 
“fact. that goodness of fit is not. the sole test. Ms In the final analysis the p pro- 
priety of using a. given type of curve must rest on a rational demonstration 
that the data follow some law which is exemplified | by curves of the type 
adopted. . Unfortunately, such. a demonstration has not been made for the 


several Kinds of curves in use for estimating hydrologic frequencies. — ie 


literature ‘the application of “probability: methods to engineering 


| 
q 


> -Norp.—The paper by S. D. Bleich, was published February, 1934, Proceed- 
i Discussion on this paper has appeared in nes Ww. St as follows: May, 1934, br 
Messrs. H. Alden Foster, J. J. Slade, Jr., Charles W. Sherman, Merril] M. Bernard. 
Clifford Seaver, and Jose Garcia Montes, Jr. hed all 4 
Civ. Engr., Los Angeles, Calif. 


Received by the Secretary July 20, 1934. 
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curves has too often been mistaken for a soundness of reason for their 


‘That the Pearson curves are not very satisfactory for use in representing 
hydrologic probabilities is indicated by several systematic departures of the 


-eurves from the data. W hen the same order of departure recurs in a large _ 
cases investigation into” the underlying causes is indicated as 


cy. 


we 
oe - Probably the most important ¢ of these sy systematic “departures, and the only 
one the writer will attempt | ‘to diseuss, is that of the extremely high values. 
A considerable number of long-term rainfall and run- -off ‘records contain 


more extremely high values than are indicated as probable by Pearson curves’ 


fitted to the data. — An example of this i is seen in Fig. 5. The 10-min dura- 


| 


tien curve indicates that an intensity of 9 in. per hr should occur, theo- 


> retically, 0.45 times in 100 yr, or once in 220 yr, whereas the actual record 
| was: once in 62 yr. The 15-min duration curve shows an intensity of 8 in. 


‘to have a theoretical frequency of about 0. times in 100° yr, OF 

‘in 180 yr. Actually, this intensity ‘wen, twice in. the 62-yr 


r on in r, almos times h heoretic requency. 

period, or once 32 yr, almost six times the theoret al frequenc 


This same kind of departure may be noted many widely scattered 
records, strongly indicating» that major _ storms are controlled by a law of 

their own. this is the case, the data of hydrology are heterogeneous and 

j t do not lend themselves tc to treatment by Pearson’s constructions which are 

limited by him to homogeneous material. heim ad 

Even if heterogencous it might | be possible to group such data into sets — 

essentially homogeneous ‘material, each of which might be treated by 
"probability methods. If entirely heterogenous some such treatment that 
favored by the author would seem to be the most satisfactory. To the extent © 

that his method gives frequencies for the higher intensities more nearly — 

approaching: those of the record, it is certainly to. be preferred o over 

probability methods | in studies in which the extreme values are sought to be 

~The writer clings to the idea ‘that data of this kind can be handled 

4 "properly probability. methods, but. evidence continues to accumulate to 

doubt: on the of present methods. The author's paper is an 


addition to this evidence. Surely it would be « carrying faith in a method to 


extreme to accept a theory” that the probable frequency of “oeeurrence 
: 3 of an event is only _ in 180 yr when the event. has actually occurred twice a 


q The ‘author deserves the. of the profession for a an interesting and 
understandable "presentation of a study which contains much valuable 


“Mathematical Contributions to the Theory of by Karl Pearson. 
Draper's Company Research Memoirs, Biometric Series II, 4 4. 2 
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D Esq. (by  letter)**.— The remarks by Mr. ‘Sherman bring 
out the fact that considerable work could | be done to ‘advantage on rainfall 
_ studies, - While hydrologists appreciate the importance of such work, it is 

4 _ impossible to convince municipal authorities of its desirability. The eri iticisms 


made by ‘Mr. Sherman are discussed in the order presented by im: |. 


7 a The published records of the U.S 3. Weather Bureau Station i in Central 
Park, New York City, were used. The ‘records | of the Weather Bureau 
~ ‘Station at Battery Place, New York City, were studied independently, but 
7 this. work has not yet (1934) been completed. ‘The separate records of the 
stations were not compared with each other. Further rainfall studies: 


nen on, STUDIES FOR NEW YORK, | Discussions 


Bet — haye been suspended indefinitely on account of Jack of help, but it is hoped 


Gury 


values of the ‘constants, “formulas would be ‘obtained which give 


that. economic conditions will, ‘improve ‘sufficiently a resumption 
The eather Bureau publishes the ‘maximum ‘rates of precipitation 


purpose “formulas were primarily ‘computed, the first ‘six “period 
‘mentioned are of importance. Periods longer than 2 hr would be useful for 
water- a considerably greater than those contributing to sewers in New 
such areas, “other formulas have been devised ‘is be- 

eved that the formulas given are sufficient for the use of all periods between 


and 120 min, inclusive, and it would probably be safe to extend them to 
eriods slightly longer than 2 hr. Ty tnt 


_ (8) As stated, the printed records of the Weather Bureau were used and 


re 


- compared with the printed records of the Committee on Rainfall and Run- 
— OFF of the Municipal Engineers « of the City of Ni New York: and with those 


collected by Mr. Hufeland, and only where discrepancies appeared were the 

original records consulted. a) ot Tighe 

BAL (4) . All the formulas given in the paper are empirical and were designed to 


‘fit'the given data as closely as possible with the form of equations: used. 
<< Mathematical niceties and “preconceived ideas of the values of the constants 
cand exponents w were » avoided. — The formula devised by Mr. Sherman, as well 
Equation (8), may satisfy the esthetic feeling, but 


would be difficult to justify logically. It is evident that, by not restricting 


results that correspond most nearly to the as is amply shown by the 


Rain storms. are ‘complicated and are not of a single 


pe. The conditions which are the principal underlying causes of rainfall 


or in 50 y 


% Agst, Div. Board of Transportation, } New York, 1 N. 
: Received by the Secretary July 6, 1934.0 
__ “Formulas for Rainfall Intensities of Long Duration”, by Merrill M. Bernard. 
M. Am. Soc. C. E., Transactions, Am. Soc. C. E., Vol. 96 (i932), p. 592; as well as 
— and 4 of Rainfalls at Boston, 

, Vol. 95 (1931), p. 
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Intensities that occur as often as once a year probably diller Irom those 
the very severe intensities that occur only rarely, say, once in 15 yr, 
is not to be expected that the same formula. or the same 
— 
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neers of the City) of as well as Mr. Hufeland’s “were 
consulted, and were compared with the records of the U.S. Weather Bureau 
i and only where there were discrepancies were the original records consulted. 
. (6) The formulas of the late Kenneth Allen, M. Am. Soe. C. E., | were = é 
careful consideration. were designed in ‘different: manner, 
however, from the writer’s formulas; consequently, the results must be inter- 
preted ‘differently. For each duration Mr. Allen selected the heaviest rain- 
fall that occurred in each year and neglected all the other intensities, even’ - 
a though some of them ‘might be heavier than the severest rainfall intensity — - 
that occurred in other years. The results given Mr. Allen's formulas” 
described by him giving “the probability percentage’ of» years n which 
the given intensity of rainfall continuing over a given number of ‘minutes 
will not be exceeded” , whereas. the writer’s formulas, grouped together, give | 
the frequency or the number of times in a given period of years that a rain- 
‘fall intensity for a given duration, in minutes, has been equalled: or exceeded. 


il Mr. Montes states that the storms embraced in the study are 8 of a ‘fixed 
character, s some being due to one set of causes and others to entirely different 
; causes. — The writer admits his inability to segregate the storms in their proper 
classification so as to be able to treat each homogeneous s set separately. Each 
of storm would probably have its own distinctive law and formula. 
- The writer's problem has been a simpler one, namely, to obtain, as accurately 
ed as possible, the aggregate frequency of rain intensities for different durations 
Mr. Montes? discussion i is. very instructive and brings out important facts 
_ which are likely to be forgotten while 
arduous: calculations. The study deserves the time ai and efforts of a few 
hydrologists, and large cities would find the expense for conducting 
‘research comparatively small ‘and the results very” profitable planning» 


3 «Use of the duration type of curve was attempted, as illustrated in the 
= paper, but the result was not altogether satisfactory. Mathematical formulas 
corresponding - to such curves are quite unwieldy. 
w Mr. Slade 2 appears to be of the opinion that the probability method is the 
proper one for handling rainfall data. The difficulty with the method is that 


cannot | justified rationally, particularly a different 
skew is used for or each of the durations. ark 
While it is ingenious, the probability method seems to be artificial and 
has only the appearance of m mathematical logic. To use the 1 values obtained | by the — He 


probability method rather than the actual data in ‘computing the modi- 


= 


are with the recorded data in order to ‘obtain 
numerical 
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. Discussions 


In ‘ila (11) Mr. Bernard presents a uniform expression embracing 
rainfall intensity, duration, and frequency, which probably -eould be | 
“to fi fit the recorded data better th than the writer’s unified as 
=z four. o For this very reason and also because of the expression psepenel 
— fo r the formula, it would be very laborious to obtain the values of t the five 

“. arameters which would give results corresponding closely to the given data. o 
a Mr. Seaver has taken . considerable pains to check T able 2 giving the chrono- 
records of heavy ainfall intensities at the Central Park gauge, 
New York City. He has also made instructive which clearly indicate wy 
7 that the re results given by ; rainfall formul: as will vary with - the number of years ) 
of observations, thereby giving rise to the conjecture - that the present results — mat 
may not be final, but will have to be modified with the accumulation of 
additional data in the future. This is probably true, but, in of the long 
already covered by the Central Park gauge, it is s not t probable. 
results will be varied materially by subsequent studies, 
By means, of Table 12, ‘Mr. Seaver demonstrates. clearly that two locations, 


‘only a few miles apart, may have materially ‘different characteristics of ‘rain- 


- fall intensities. While only | a few years are covered by this comparison, it is } 
probable that. extended studies: will confirm the truth of this finding. 


important t that definite knowledge of this variation be obtained, which can ff & 
only be accomplished by locating a large number of rain gauges ata number — 


points in ea each of the Boroughs of Greater New York City, to be. accom- 


Ninn by an an exhaustive study of all the records, in or der to learn the. specific * 
rainfall intensities and frequencies. for each location. This would enable 
“sewers to be designed so as to serve properly the areas where they are built, -* 
resulting in adequate drainage facilities without y waste and in economy of a 
construction which 1 would more than offset the cost of ‘such extended 
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1934, Proceedings. Discussion on this paper has in Proceedings, as follows: 


Vaughn, M. A. Drucker, and Raymond P. Pennoyer. 

8 Research Assoc. in Soil Mechanics, School of Bas. Yale Univ., New ‘Maven, 
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By D. P. Krynine, M. AM 


* M. Am. Soc. Cc. E. (by letter)™ “Few engineers have 
the behavior of sheet- -piling mathematically. C rredit ‘should be giv en 
“to Dr. Blum practically was the first to make such a comprehen- 
sive analysis; next was Dr. E. Lohmeyer. AD short history of the work 
o both Dr. Blum and Dr. Lohmeyer has been given | by the writer elsewhere.” 
The paper by Mr. Baumann nisa valedile contelbution ta in this field. 
For some reason the i ingenious experiment represented i in Fig. 2 was never 
"duplicated and checked and, consequently, Mr. Baumann was obliged to base <, 
analysis. on a considerable number of ‘assumptions. As far | as. 
= of Baumann, 
_ Conception of Passive Resistance.— a rigid lente’ plate is on 
; “the upper horizontal surface of a perfectly elastic body, it sinks as a result 
- of elastic d deformations, which disappear when the load is removed. In the 
case of excessive load, plastic deformations may take place, and the body may - 
fail. The eycle « of deformations in this case is: (A) Elastic; and (2) plastic. | 
If an actual soil mass is loaded in the aforementioned manner, the settlement 


begins at once, even under a relatively light” load; it disappears | only 
partly w when the load released. This does: not mean that one part: of ‘the 
' deformation is plastic, and another elastic; the explanation is that the non- a 

reversible part of the settlement under a relatively light load is due mostly 
toa a simple downward motion of | particles which try to penetrate into the 

interstices between _ others. _ The cycle of* deformations in this case is: 

(1) Simple motion of particles, which may be accompanied | by partial ‘clastic 

action; (2) elastic « ‘deformations; and, ‘finally, (3) plastic deformations. The 

supporting power r of the soil is due mostly to its” shearing resistance, : and 


not so much to its capacity ‘. resist compression stresses. - Actually, if there 


____ Nors.—The paper by Paul Baumann, M. Am. Soc. C. _E. was published in March, 
In May, 1934, by Jacob Feld, M. Am. Soc. C. E.; August, ' R. L. 


a8 “Comments on Failures in Sheet- Piling”, by D2. ‘Krynine, 3 
bated Engineering, Vol. 3, No. 10 (October, 1933), p. 582.0 
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_were no shearing resistance at all, the soil would not be capable a supporting 
any load . This may be easily understood from the following an analogy: Water 


is : practically , incompressible, ‘but its bearing power is zero because it lacks 


mies Tf a vertical wall is ; pushed into a sand mass, ‘the st succession of deforma- 
tions is _ analogous to that of the preceding ease: First, a simple motion of 
particles; next, elastic deformations ; and, finally, plastic d deformations. The 

passive resistance of the sand is its capacity to stand shearing stresses close 
to the end of Stage (2). Obviously, ‘the stressed condition the ‘passive 


a prism” is more ‘complicated than simple shear and consists s also in ‘some 
? compression and other henomena which are difficult to 
Pp 


surface, which m may | be ‘observed in the if ¢ one wall ‘of experi 
‘ee mental box is made of glass. | In the case of wet experimental sand, change 
wig the moisture content in that zo zone may be easily observed by the naked eye. 
In the initial stage, (1), the passive resistance practically does not act. In. 
the | case of of excessive horizontal load, the sand mass may fail along” a shear- | 


aw 


4 


sold In the Blum- Lohmeyer method (Fig. 5) the passive resistance is assum 

he act from the very beginning of the ex] periment, which the writer has shown 
in the preceding remarks to be untrue In as those of 
Professor ‘Franzius,” the passive ‘resistance begins: ‘to ac earlier than in 
natural sands, but at any rate later than is assumed in vel Blum-Lohmeyer 
Professor Franzius’ experiments | were made | on _tamped sand, and 
experimental. data should be applied with certain care. od 


Compression of the ‘Soil Close. to Sheet- Piling. —Under the heading 

2 “Method of ‘Graphical Analysis”, Mr. ‘Baumann expresses his belief that the 

ground adjacent a bulkhead is” compressed: when sheet- piles.- are driven. 


This is peetgetly true, but. this circumstance cannot balance the initial “lot 
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motion” of particles described previously. Actually, although the: displace- 


ments of the adjacent soil which occurs in pile- driving, is equal to the 4 
‘thickness. of the sheet- -piles, the compressed is rather restricted cand 


" forms a kind of dense ‘ “envelope” é around a pile or as sheet- -pile (see Fig. 20), “A 
<a Several years ago the following experiment. was made in the writer’s laboratory. aq 

- A pile model, 20 in. long, and somewhat more than | 3 in. in diameter, was 

of driven under field conditions into clay; then a cross-section through the 

he “center of the pile, 10 in, below its tip, was made, using sharp: shovels and 

«2 “knives. “ One- half the earth ‘mass was removed and another one-half extracted 

ve 


in the form of a monolith. The surface of that monolith was carefully studied 
“optically by ‘Dr. G. Pokrowski, using the reflectometer. Tight- 
‘dispersing capacity of the soil depends on its ‘density ; and it was found. that 

ng aba a distance of f about t two or three diameters of the pile | the light- -dispersing —_ 
‘capacity and, hence, the density of the ‘soil, “were more or less constant and — 

inrease sensibly in the proximity of the pile. ~ Thus, it was concluded that — 
the width « of the ‘ “envelope” in question, is rather insignificant. As far as the 

“present case is this ‘should mean that the process of sheet-— 
“pile bending was resisted by the dense soil very slightly, if at all. Fig. 200 : 
shows diagrammatically the relative insignificance of that “envelope”, as 
Observed Deflections; Equation of the Elastic Line. —According to the 
preceding: considerations, a part of the bending occurred when there was no 
passive resistance; and another part when that resistance was already acting. 
Perhaps this explains why the observed ordinates were twice those 
Equations (9) to (15) to the fitting of: ‘eumpirical to 


"point. and tangent at the point of minimum radius. of curvature; that 
maximum moment.” Furthermore, he states that the upper spiral 
AB, Fig. 21), becomes faulty near the top support, and that the lower spiral 
- does not satisfy the boundary condition, namely, that at Point C, where z is 
about 18 ft., the radius of curvature should be infinite. Thus, both “spirals 
are faulty, but Mr. . Baumann believes that his empirical curve e “closely checks — 
‘the elastic line in the vicinity of minimum radius of curvature” Certainly 
ess is true; but the shape of that part of the experi imental curve is such hy 
that many other curves may fit. it. Particularly, was the choice of spirals 
incorrect since a hyperbolic spiral w winds steadily about its pole and never 


ver flattens so as to have inflection point, as Point C, ‘Fig. 

nd empirical curve should fit: the entire. elastic. line, ‘and. not. only a part of 

For instance, th the following curve, although from) being ideal, 

ne ‘Serve that purpose better: dion @ bigit ison 


Investigations in 1928-1929”, I. and N. 
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SINE ON ANALY YSIS OF SHEET-PILE ‘BULKHEADS 


in which, A = deflection, in inches; z Pore vertical Satine, in feet, from the 


‘upper support, A (origin of co-ordinates); 1 = total length of the _ sheet- pile, 


“equal to 28 — 1 = 27 ft; and k and numerical parameters. 
- Should the curve of Equation (96) possess a a maximum of A = AT in, 


‘the 0.375 l= 10.1 ft, the values of the parameters would 
ik = 3.29 and B= = 163. In Fig. 21, the observed deflection curve is shown 


by. ‘a heavy solid its probable extension by a a light solid line. 


4 practically coincides with the observed deflection line be- 


empirical 

the oints, » A and B and its lower part is shown by ‘dotted line. 

oe ‘The value of A is not zero at z = 1; but the curve would go exactly t through ‘the 
toe of the: bulkhead if the 2z- -axis were turned slightly. The « curve: of 


(96) in electrical engineering for determining “dynamic 
action of one coil of an electrical machine on another.” 

Interpretation of the ‘Permanent Deformations of the Test Piles—Fig. 2 
“indicates that there were seven test piles facing the test wall. l. The deflections 

"were measured on three outside sheet-piles, a as shown in Fig. 2(b). Nothing 
is known | about the differential ‘deflection ; q hence, it should be assumed that 
vee the deflections on all the piles were uniform within some reasonable limits, 
and that the curve of observed deflections as shown in Table. 2, represents 


an average. y igh ~ a 


on The ‘Passive resistance, however, was not the same for each of those piles; 


it was greater for the center pile and less for the outside y piles. This follows” 


‘soil ‘along a certain “surface. corresponding to 
the center of the tank, lay in a plane normal to the test. wall two 
dimensional problem) ; while, | for the outside ‘piles, the shearing surfaces, 

could extend freely not only i in front of the tank, ‘but sidewise as well. 
The greater 1 force the outside from excessive 


an ‘dated is ‘stronger against overturning | than the 

placed i in a row with others. Kos 

val However, Fig. 6 also shows that all the piles underwent plastic deforma- 


“ tions; hence , the applicability of of elastic theories, by Mr. Baumann’s method, 


is not fully justified. Plastic condition may even have started at 
: beginning of the experiment owing to hammer blows, when the piles: were 
driven to refusal; it was probably only emphasized during ‘the experiment. 

there were no interlocking action, the center pile would deflect during 
the experiment than the others, but because the of the | 


ae entire system in horizontal planes, it could not do so. A striking analogy as 
‘the influence of. rigidity n may be found in the settlement of structures. 


On certain soils a non-rigid structure for example, an earth kment) 


ve 


_ Engineering’, by B. Hague, 1929, 
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ettles more in on the “edges, 

: slab settles evenly. Reverting to the given | case, , it should be ‘stated that the 
elastic ‘condition apparently was never destroyed in the interlocking joints; 

therefore, upon 1 removal of the loads, the interlocking joints ‘returned | to 
original shape, sO. far as the plastic deformations permitted. 

4 the joints s acted as heavy elastic ; springs connected by we ker cc central 


+ Consider a wall of, ‘say, ten panels, oh consisting of seven piles, exactly 


‘as shown in Fig. 2. _ Any panel of this wall (including those on the. outside) — 


would be Ge experimental wall i in question, since the “three- 
dimensional” passive resistance would | act only at the ends of that wall. 


it Therefore, in practice, the data obtained in the experiment of Mr. Baumann — 
must be applied with care. 


be reduced to that of a vertical loaded plate on a soil mass ‘bounded 

a above by a horizontal plane. This is a somewhat complicated particular 
case of the general | problem, when a loaded plate acts on the horizontal sur- 7" 

of an infinite soil mass. It is necessary to solve the general problem 


for both non-plastic and plastic soils, after which it will be easier to deal 


with particular cases ; and that general problem has not yet been definitely 


aN The Proposed Method of Design. — A Mr. Baumann Tightly states, th 


- method of designing bulkheads ‘proposed by Blum- Lohmeyer is defective in = 
assuming the passive resistance to be ‘static. The writer believes that. the 
Blum- Lohmeyer method i is undoubtedly a ‘odmmendable step forward i in com- 
ig parison with old, “quite empirical methods. It has little, if any, ‘connection 

with the study of physical properties of however, and, therefore, is” 
rather “unacceptable from the point of view of steadily developing soil 

* ‘mechanics. The 1 method ; in question should be considered asa temporary one, 

_ which sooner or later will be abandoned ; therefore, all complicated construc- 

oi tions (as, for instance, those shown in Fig. 7), should not impress the designer — 

unduly, Mr. Baumann proves beyond question that passive resistance depends 
7 on both the depth ofa given point and the movement of the wall. In F ig. 14a 
fine geometric construction is given. | is to be regretted, however, that 

~ author did not ‘use modern soil mechanics to its fullest extent. 7 For instance, 


his opinion as to plastic soils remains completely unknown; and such soils 


Conclusion. —This discussion is not to be considered as a criticism 
= Mr. . Baumann’ s work. vork. On the contrary, he should be highly commended for 
his: effort, patience, ce, and accuracy in and computations. . His 
3 Work ‘isa valuable contribution to the study of bulkheads, more ‘fruitful 
than any other existing; and if ‘incontestable. conclusions cannot be reached 


is easily explained | by yy the extreme e difficulty of dealing v with 
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_ EXPERIMENTS WITH CONCRETE IN TORSION | 


By Messrs. “FRANK M. RUSSELL, AND LESLIE TURNER 


FRANK M. Russet," Jun. Am. ‘Soc. C. (by letter)". —To ‘the: writer's 


Inowledge,. this paper is the first of its to | be. published on research 
_ Investigations performed in the United States. It is very 1 timely as the sub- 


ject of torsion is becoming of more concern than i in times ast, because of the 
_ thoroughness and exactness to which modern designing is being extended. 


is When conerete ts stressed to failure i in torsion the outer fibers are stressed 

a much more than the i inner ones, due to their distance: from the axis of the 
_eylinde The ‘stress: in this fiber, then, is not the true. intensity. of stress 
in the entire specimen. 7 Upton has derived a ‘mathematical analysis by which 

; the true intensity of shearing stress above the elastic limit may be obtained.’ 


In the particular case ofa round, shaft his results reduce to a ¢ constant = 


mie) 
--rection factor of 0.75 ; that i is, if a specimen is stressed beyond its elastic limit 


tm = 15 = wy | 


one, and one» which | covers the very thoroughly, was performed 


by Takenosuke of Tokyo, in 193%: Miyamoto even ex- 


eo ‘Miyamoto’s tests include plain concrete — and cylinders reinforced, 
as follows: vs: Spirals . at 30°, 45°, and 60°. ; spirals at 45°, with axial rods; 
at 60°, with axial spirals 30°, with rings; axial rods 


rings; both inner and outer spirals at 45°; both outer and inner spirals ; 


‘Nore.—The paper by Paul Andersen, Assoc. M. Am. Soc. C. E. . was published in 
May, 1934, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows August, 1934, by E. Mirabelli, Assoc. M. Am. Soc. C. E. 

Jun. Engr., U. S. Bureau of Reclamation, Boulder, Colo. 
Received by the Secretary August 9,1934. tir 

ota 7™*“Johnson’s Materials of Construction”, Rewritten by Messrs. Withey and Aston, 
and Edited by F. E. Turneaure, Hon. M. Am. Soc. C. E., Seventh Edition, ip. 21, 

8“Torsion Tests with Plain and Reinforced Concrete Bodies.” 
von E. ‘Morech, Sixth Edition, “Vol. 1, Pt. 
=) 
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| 
«45° with axial rods; and i inner . spirals s supported by axial rods. He also gives 
a mathematical interpretation of all his results. fe He | agrees with the author > 
that the 45° ‘spiral is the strongest, and, ‘farther, that the 30° ‘spiral 


‘the weakest of the three and that the 60° “spiral has a strength between — 
that of the 45° ‘the 30° spirals. _Miy also agrees with the euthor that 


Which he to give the greatest resistance of all, were those 
reinforced with inner and outer spirals and a: axial rods. ve 


On The paper is quite complete, but more could be stated about concrete in 


rie 


ing the ‘behavior of itself, as in 1 the « case of ‘twist a dam. 
Not from the standpoint _ of detracting from the subject of reinforcement, 
but from that of making the subject more complete, the writer _ wishes to 
a state the results of his own research program on torsion of ‘plain. concrete.” 
‘The mixes used in this series of tests ranged in compressive strengths from 


390 to 1 L 080 Ib per oa 3 in. Int torsion — corresponding mixes tested 352 


ab 


would 1 mean true stress at failure for these 
“would be 264 and 677 Tb per sq in., respectively. 5 total | of 100 cylinders, 
B in. long and 3 in. in diameter, were tested, using eight different mixes. - 


1 


¥ 
is To obtain such a a high strength concrete, the mixes were designed by —- 


method first introduced by Inge Lyse,” M. Am. Soe. C. This method 
based on the principle that the strength of increases directly i 


z proportion to the increase in cement content, provided the water and. eheclute 
a volume remain constant. Four different mixes were adopted using cement- 


te water (not : water- cement) ratios of 2, 2.5, 3, and 3.5 5. Two sandstones were eused 


be 


as coarse aggregates, and for of the four ‘mixes: one there was a 
& corresponding 1 mix of the other. Both sandstones were of the Lyons formation, 


but one was red and the other white. They have ‘different characteristics, 
oa however, the red sandstone having a specfic: gravity of 2.50 and a percentage 


Fe 
= absorption of 1.5 5, and the white sandstone, a specific gravity of 2 56 and a 


17343) 


et absorption of 1.0. 5 Ideal Portland cement and a good | local washed 


writer’ 8 exper iments: agree perfectly with the 8 conclusion 
“states that the modulus of elasticity in shear depends upon its ultimate 
‘strength, and that high ‘strength concrete has a higher’ shearing modulus 

than” low ‘strength conerete. strengths of concrete nearly twice that 


cited by the author, the writer found that the relationship was still a straight | ; 
Tine, white mixes _ tested ton than those of 


“shea ear, 


= rank M. Russell, Jun. Am. Soc. C. E.; submitted as a thesis to the U wy) Bye Colorado 
1988) in _bartial fulfillment of the requirement for bear of Master 
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_cured under water and 
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Water-| Compressive | _ Srrencra | SHEAR, IN 
water | cement| Slump, STRENGTH, IN Sraanarn, IN Correctep, IN | THOUSANDS 
ratio, | ratio, | in PouNDS PER | POUNDS PER | POUNDS PER log PouNDS PER 
by | inches | Seuare | Square | Square INCH | gquare INcHt 
Le 28 | «90 90 | 28 | 90 
days | days | days days _days days days 


4 550 | 5 570 
6 500 | 7 710 
8 710 | 9 990 
9 720 |10 470 
3 940 | 5 530 
6 070 | 7 630 
8 350 | 9 810 
9 560 |11 080 


NWWWONAAS 
NNR 


€ * All strengths and modulus of elasticity in shear are in pounds per square inch. waka ss 7 
R denotes coarse aggregate of red = white sandstone. 


ag relationships studied to see how closely torsional properties 


could be assumed to parallel The theory of Professor 
7 Lyse determines the relationship between cement- water ratio and ultimate 


strength compression, but it does not. mention whether the straight- line 
relationship holds true for torsion as well as compression. At At earlier ages 
(1 days) the straight- line relationship holds. As the concrete ages s the trends 


the | ‘same, but a greater increase in strength oceurs between cement-water 


_ Tatios of 2 and 2.5 than for any cement ratio greater than 2.5. Means 
2 On a construction project. it is quite probable - that a part of a structure 


may have intermittent loads applied before it is thoroughly cured. — Tn such a 
iM 


7 “case, it would be well to know just how this might affect a, member “subjected 
torsional stresses. With nearly every set of the tests a pair of 


specimens was tested toal load ad which was f from 40 to 60% of the ultimate 
for that set. These pairs were » tested at each 7, 28, and 90- day period, and 


- restored to water | after each test. In t twelve of fourteen sets the modulus of 
elasticity. in shear was higher due t to ‘partial: loadings: with the greatest. 
ference 2 28 Sone, _ There w was no apparent effect on the ultimate strength 


* beg Along this same line of investigation, tests were made to find the effect of 
running the load up twice before taking the third trial to failure. ~The 
partial loads: varied from two- fifths to two- thirds of the ultimate 
‘The results” from this showed that the properties are. not affected materially, 


if the proportional | elastic limit somewhat exceeded. 


Further investigation found a relationship to exist ‘between’ the modulus 
; of elasticity in compression and the modulus of elasticity in shear. While the 7 


curve ‘shows a curvature for each sandstone mix, is slightly dif- 


superimposed upon ‘the 


1. 20 + 0.058E + 0.002" + 0. 0.0007E* + 0. 00018" ling (82), 
n which, and are in millions of pounds square the wi te 
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sandstone, the is much ‘simpler, being, 


oa, 
r= 118 — 0.048 + 
The points plotted 2 are — averages for each set | of specimens | tested. _ There i is 


a a possibility of one curve approximating all all points plotted is quite 


cl 
Sandstone 


per Square Inch — 


‘Modulus of Elasticity in Millions of Pounds per Square Inch on 


1G. 11.—CoMPposiTE OF ELASTIC Curves, 
that for other concrete mixes a similar relationship sould be found, 
using this same principle. _ This is quite plausible from the fact. that there =] 
is a definite relationship between modulus of elasticity and “ultimate strength 
in compression, and between modulus of elasticity in shear and ultimate 
strength in torsion. there’ 
relationship between ‘moduli. “Such a curve onal. be 


‘Leste Turver,” Esq. (by letter)"*—A facet of concrete as yet 


searcely understood her tind is opened for discussion 


(1) The 
of the “subject; and, (2) ‘its lesser incidence a and commercial | 


importance vis-a-vis bending and direct stresses. 


_, However, with more ee in design and with the » more advanced types 


influence of torsion on the factor of safety of reinforced concrete structures — 


“may be considerable. Consider, for example, the case of the simple 
Spanning two directions on four walls; the torsional effects in thick slabs 
may be so. lange influence considerably the moment calculations. 


structures: in which beams and slabs run into each other at 


1s NORETE IN TORSION 1241 
4 
~~~_ 
4 — 
4 
— 
| 
mean degree for the additional security or factor of safety beyond the 


theoretical often found. At present, howev er, one cannot its 

— with accuracy and precision, so that ‘papers describing research on on 

“ is to be noted that | the Tokyo wanilaians: ‘aid’ not cited in the paper, 

| were carried out by M. Takenosuke about 1926 on ninety- six circular 


‘specimens 30 em in diameter. ot The results are in general accord with those 


a4 
ee . It is noted that Mr. Andersen | has t plotted the angle ¢ of twist against stress 
computed according to the conventional elastic theory; it would be interest- 
ing to have these angles plotted against torques. The reason for this is that 
the: writer and Mr. V. C. Davies have found” the tensile stress-strain relation 
of plain concrete to be more nearly parabolic than straight, and may be 
expressed for the 1:2:4 concrete used, as: Stress, Jin pounds per square 
in which, ¢ = the maximum stress; D, maximum tensile s strain; 
d, the strain at Stress f; and, is a constant. 
x 


4 _ Thus, the stress across a 


section follows Curve b, Fi ig. 12, rather 
‘| than Curve a, the straight line. This is 
confirmed by Fig. in which the tensile 

from the writer’ 8 results, however, in the 
high value of the strains measured. The 

diff n would ‘be ae- 

for by concrete mix, and it is. 
difficult to explain. Contributory causes may be the shape of the section; 
the position at which the strain we was measured ; hoon influence of the reinforce: 


a’ 


be influenced by the presence of the diagonal compression in the torsion 


WEES 


specimen when compared with a pure tension ‘specimen. ‘The values ¢ given in 
2 for shear modulus agree quite well with the writer's: results. f wid) 


section. The higher extensibility. of concrete at high stresses, which follows 


from the parabolic tension curve, is a feature of considerable importance 
sin. torsion problems and explains another interesting discovery, namely, the 

lesser importance of the re-entrant angle in concrete sections, which, accord- 
or ing to the conventional theory, is the vital spot. For most m materiale: the 
Le " stresses in the corner of a 90° ‘angle, such as between the rib and tee of a 


are infinite, whereas the writer’s experiments have proved that. this 


Constructional Engineering, Vol, 22, 1927. bbs 295 

= %*“Plain and Reinforced London Torsion”, by L. Turner and Davies, 
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“Octo TURNER on EXPERIMENTS WITH CONCRETE IN TORSION 


does not hold for of course, the addition of corner 
fillets does increase the strength of sections to certain degrees, — 7 aes 
The writer did not make or test any circular sections and he is glad to 
‘note Mr. -Andersen’s confirmation of his own conclusion, that the circular 


ay section is sensibly the same as the e exscribed square i in torsional il strength. — On 
ose J account of its larger area, of course, the square is slightly stronger than the 


circle, 


ess _ The circular section with spiral reinforcement is the only one that lends 
‘itself to ‘mathematical investigation. ‘The basis for calculation for other 
rat sections is so at present as to render purely theoretical treatment 
‘on almost valueless. 7 Furthermore, the practical difficulty in providing generally 


be i but rectilinear reinforcement (longitudinal bars and nd links o or ties), should 
not be overlooked, while the value of such reinforcement is still more ‘dif. 


to assess theoretically. is far less effective, of course, than ‘Spiral 
4) ta The writer has preferred, Sunctien: to . base his recommendations on the 
a results of tests, with empirical formulas and rules for application to other 
n; 7 and intermediate sections, shapes, and reinforcement. Rectangles, T- beams and 
L-beams have been considered, and, in this connection, it, ‘should be men- 


a tioned that the soap film analogy developed by Messrs. AL AL Griffith and 
er @ G.I. Taylor,“ has been very useful in pointing the 1 way ‘toward the solution 
18 Z of these problems. . The question of torsion combined with aang and direct | 


le of course, requires much further thought and research. ban 
TS Mr. Andersen has developed some interesting formulas o n the 
he : that peripheral reinforcement is provided to take care of dui tensile stresses" 


he ; in excess of the permissible stress for plain concrete. The question, however, i 
is what is permissible stress what relationship should it bear to 


1g the: ultimate to. give the necessary factor of safety. In discussing Fig. 10 


(see. “Concrete i in Torsion”), it is suggested that the concrete in a reinforced 


, ase can sustain a higher tensile stress than that in a plain section. While — 


this may ‘apparent”, due, ‘among other causes, to the reinforcement spread- 
n ing incipient cracks, or to shrinkage causing stressing: before torque is applied, 

it is difficult to ‘accept different qualities for the same concrete. 
i ‘The formulas could be adapted for the parabolic distribution, and th then the 

Oo a factor of safety must be selected dependent upon the amount of external or or 
h visible eracking (if. any). allowed. ‘This would bring them into line with 


bending formulas where cracking is theoretically permitted in tension areas” ave 
8 although, o of course, it does not often develop, | practically speaking. In other 7 
ppt the cracks, if formed at all by the concrete yielding its stress to the 

steel, are so minute and dispersed as not to be noticeable. to dees 


conventional 


F | Mel he stress distribution along a a side shown in Fig. 3 is the 


e form resulting from St. \ Venant’ 8 theory for elastic bo bodies, but tit is more than - 
doubtful that it applies to conerete except in the very early stages of stressing, 


pe Finally, in welcoming heartily a paper on this somewhat involved subject, 
author to be thanked and congratulated « on introducing new material 
and methods of attack and on presenting them so concisely. 


Proceedin, 98, Ins 


Use of “Soap Films in | Solving Torsion Problems”, 


En grs., 
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STRESSES IN SPACE STRUCTURES po 


Sr A. Assoc. M. Am. Soc. C. 


Assoc. M. Am. ‘Soc. Cc EL letter)". —T —The concise 


oe ation of Professor Mayor’s ingenious ‘method of analysis of spatial 


stresses contained in P rofessor Constant’s paper is extremely interesting and 


__ instruetive—the more so because the 2 author avoids t the language of ‘projective 
geometry. The idea of evaluating ‘concurrent, non- -CO- planar forces by first 


- evaluating « a closely related set of non-concurrent, co- -planar | forces i is novel 


and ‘greatly facilitates analysis. _ The conventional method of analyzing ‘Space 
‘structures has too often been demonstrated vaing such simplified loadings 


wait 


= 


been concealed. the author states, ‘the ‘advantages of the ‘proposed 
method increase with the complexity of the structure and loading. 
i, As a simplification, the central axes for all 1 systems at | any joint could be tere 
—_ through the joint instead of at di different arbitrary distances, | d, , from F 
it, as in n Fig. 1. If this is done all the. conjugates at a joint will lie - in the ‘, 
horizontal plane containing the joint instead of in horizontal planes” at vary- 
ing distances above or below it. There would then be no , need to complicate ; 
picture by introducing the couple, S, which, of course, is merely the 
_ vectorial sum of the couples, So and R (d); nor would there be any necessity § | 


to refer to the projections of the conjugates u upon a common horizontal plane, , I 
the author felt impelled to in the paragraph containing Equation (5). 


Lastly, as will be shown , this simplification | permits a shorter and more 


followed derivation of the expression for the distance, b. 

The ‘physical pi picture is simple: Tt: is desired, for purposes of analysis, to § ; 
combine each of the forces a acting ata a joint of the ‘space structure with one 
other f force so that in place of each of the original forces there will be a pair § the 


of forces” equivalent to a system, composed, for convenience, of a vertical 


force, R, and a couple, S So, acting in a horizontal plane containing the joint. —_ 

lem: 

_Notr.—The paper by F. H. Constant, M. Am. Soc. C. E., was published in May, 1934. 
- Discussion on this paper has appeared in Proceedings, as follows: September. 

_-—-s- 1934, by Messrs. William O. Osgood, L. E. Grinter, and Charles M. Spofford. = stres 
sss 8 Agst. Prof., Civ. Eng., Univ. of British Columbia, Vancouver, B. C., Canada. r ‘a the 
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‘Fig 7 illustrates the foregoing: ABCD is a horizontal plane 
Joint O. hk. ector F is any force, bar stress, or load, acting at the islet It is 


shown resolved into its vertical eid, R, and its horizontal ‘component, 7 
IP cos ¢. Th The additional force that must be combined with F' so as to form — pre a 


af 


= 


A + system composed of a vertical force, R, and a couple, So, in the plane, = 


es ABCD, must be F’, which must be equal, and opposite to eos and must 

“ act in ‘the plane, A BCD, parallel to the horizontal component of F and | 
e 


~~ Biistant dD from | it. The following relations exist, remembering that So = = Ra: 


at 


. The pair of force 


screws” in 1 the language of statics) i is to. ‘the systems at ‘the ; joint, 


_ fas has been stated by the author, by the fixed relation, 2° = a. This quantity 


is often referred to as the pitch of the screw; its value is fixed arbitrarily in 


the present case at the dictates of convenience, but must the same, 


course, for all systems or screws. at the same joint. The author: has 
at 


demonstrated clearly that these additional co- -planar forces, or conjugates, — us 
4 (of which there are as many for any joint as there may be loads and bar aa 
stresses), are themselves in equilibrium and upon this condition, of ‘course, 7 
the whole method rests, 
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N 
he ‘sign | ‘dolerite adopted by the author, and its resulting rule for 


aiding i in the location of the lines of action of the conjugates, are both clear 


As Professor Constant states, . the conjugates of forces that lie in the 


- game plane intersect in a point. "Possibly this is obvious, but a brief proof 
_may not be out of place: ‘Choose any two forces meeting at any joint. Their 


conjugates will intersect somewhere. If any 0 other force acting through the 
joint lies in ‘the plane of the first two, it may be resolved ‘into components 


coinciding with their lines of action and these components, therefore, will 


have conjugates with h the thus 
ing the statement. 


plane their conjugates would not hi ave a, but would have in 


parallel. ‘The full statement would appear to be that the conjugates of forces 
a> in th the same plane will either intersect in a point or be parallel. - 

irs example chosen by the author illustrates the method clearly without 

introducing complexities due unusual arrangement. The loading is 


complex, and yet the s solution i is simple and rapid. 7 Whether the vertical reac- 


avi 
tions more easily computed, using the moments of the diagonal and 
en conjugates as suggested i in ‘the ‘paper, or wh whether it is more convenient 


to find them m by | summing the vertical components s of the diagonal and column 
stresses, is probably matter of individual preference. 
The method a graceful solution of a problem which the 
ordinary way presents annoying difficulties. | It is in no sense a trick method 


although at first: glance it may so appear. The conjugate f forces, which 


60° simply related to the desired bar stresses, are merely co- -planar forces 


equilibrium and, as. s such, are subject to the three sim ple equations 


SX = 0, 3¥ = = 0, and = 3 = 0, expressing this state. . That these equa- 


— tions, susceptible as they | are to mag —— are more readily applied 
; than 3X = 0, 3¥ = 0, and 3Z = makes the method, in the writer’s 
opinion, of ‘real value, and is 
ving made it it available in English. — 
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STREET THOROUGHFARES 


7 


ee constructed to house the personnel connected with the immense power 


from the abutting property. - Such a definition would make the expressway 
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Re commendations, should prove valuable to "engineers interested in city 
planning or planning for metropolitan areas. : Most of the principles can be 
applied profitably to those n new communities | ‘that are now (1934) being g set 
up by the Federal | Government, such as subsistence homesteads, | and those 


projects under \ way. - This use, however, even if basically sound, can not be 


_ applied 80 readily | when: considering relief measures necessary in connection 

with: old ‘established metropolitan areas and large cities. 


the definitions furnished by the Committee, it would seem that the 


“term, reeway” is synonymous to “Expressway”. An expressway providing 
a highway for its express traffic exclusively, in order to be efficient, could 
not have | access to it from abutting property. — With ‘no such access, the 


expressway really becomes a private right of “way for through uninterrupted 
traffic, with practically no intersections at grade, and with no access to ‘it 


-synonymous to a freeway. One of these terms should be sufficient, as use of “A 


more than one for the same purpose merely adds to confusion. oe 


The writer agrees ‘thoroughly with the statements of the "Conbunlittiée (see 


“General Summary”) that simply to widen existing streets to extraordinary 
widths: does not provide ‘the: desired results. Experiences engineers in 


dities in which extensive widenings have occurred during the 10-yr netiod 


Ee 1920 to 1 1930, have clearly proved that the cost involved in 

Nore, on Street Thoroughfares was published in August, 1934, 
Proceedings. This discussion is printed in Proceedings in order that the views expressed» a 
May be brought before all for further discussion. 
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streets to extraordinary widths without providing for uninterrupted traffic 
at street intersections can not be justified on the basis of the benefits received 
by | the t terminals served “through the widened streets, by the : abutting prop- 
erty, or by the users of the thoroughfares. Experiences gained as a result 
of these widenings, have also proved that the methods used for determining 


: benefit assessments to defray the expenses involved are often unjust and 


In most old cities of the United States, property in the down- 
town or loop district, which is the main terminal toward which traffic is a 
direct ed, are, in gener: al, te too high to permit the construction of satisfactory “% 


a express or super-highways which would contain lanes for the uninterrupted gE: 
movement of express and mass trafiic through such terminal areas. Asa 
ig 


matter of fact, the more feasible » plan. for serving these areas is to provide 4 
al thoroughfares along the extremities or limits of such areas, and to utilize the = 
ex cisting facilities through the interior of the loop district. With sufficient 5 
7 tho roughfares of the | expressway type connecting the v valuable | center | Or the ¥ 
= do own-town area on all sides with the highways or arterial streets existing a 
in the ‘metropolitan | area, the stabilization of property values (which | is the oa 
need of ‘most cities) could be accomplished. ba: 3 
‘The policy of the highway departments in most in the ane has 2 
excluded the construction of highways or thoroughfares, or the use of 
highway funds for work w ithin large cities, notwithstanding the fact ‘that 
7 a substantial percentage of the funds made available is received from the a 

citizens residing in such cities. That this fact is. being realized is evidenced. ‘a 
by. y the number of highway departments which are e setting aside a certain | : 

portion of their funds to provide extensions of highway facilities, ‘not only aa 
within the metropolitan areas, but within corporate limits of “the 


os, municipalities. _ This attitude has been further encouraged through the regu- 
lation of the U Uv. 8. Bureau of Public Roads i in the expenditure of the Public 
W funds s set aside for highways, w which regulations r require that at least 
3 25% | of f such funds be ‘Spent in cities. Use of such funds should properly be 


made « only for the construction of expressways or freeways: connecting the 


arterial or super- -highways with the valuable centers « or down- town districts 
of large cities, no part. ‘of such funds should used on 1 ordinary 


In addition expressways or freeways, it would seem necessary that 
af 


within the city proper, definite. provisions should be made for mass trans- 
portation. ‘Unless  super- highways | are available, where a portion of of 


highway ‘is physically segregated for the use of mass transportation “only, 


it would seem desirable: to. designate certain existing thoroughfares ordi- 


nary width for use of mass- transportation vehicles primarily. The satisfactory 
solution of providing mass- transportation facilities is urgent in practically 


Diet the cities of this country, and has been further ‘aggravated by the recent 


_widenin ‘streets where no segregation has “occurred to separate ‘fast- 
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‘OCTOBER 1934 8B 


ae APPLICATIONS ONS FOR ADMISSION AND FOR R TRANSFER — 


= 


‘The Constitution provides that the Board of Direction shall ‘elect or reject — 
all applicants for Admission or for ‘Transfer, and, in order to determine justly — 
the eligibility of each candidate, the Board must largely u upon the 


This list is issued to members in 1 every grade fi fe ‘the purpose of securing 


“all such available information, and every member is urged | to scan carefully. 
each monthly list of candidates and to furnish the Board with data i in regard 


Be any applicant which may aid in determining his eligibility. It is the Deis” 
of all Members to the Profession to assist the Board in this manner, : 


is especially urged, in communications concerning applicants, 
a Definite roper Grading in Each Case be given, 
_ inasmuch a as the grading must be based upon the opinions of those who know © 
the applicant personally as well as upon the nature and extent of his pro- 
fessional experience. if facts | exist derogatory to the personal character or 
tot the professional reputation of an applicant, they should be promptly com- 


munieated to the Board. Communications Relating to Applicants are C0 


3 sidered by | the Board as Strictly Confidential. 


The Board of Direction will “not. consider the applications herein 


tained f from residents of North America until expiration of thirty (30) 
" 

days, ‘and from non- -residents | of North America until the expiration of ninety 


Grade | General R reme nt f 


Qualified to design as well as to 


important work portant work 


— 


Qualified by scientific acquire- 

ments or practical experience 35 12 years* 
Fellow Contributor to the permanent {| 


a * Graduation from a school of engineering of recognized reputation is — ~ 4 years of active 

TMembershi P ceases at a age of 33 unless transferred to higher ome: 
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BARATTINI, PAUL ANTHONY, Mavis, H. Pettit, L. G. Straub, 
~ ) Refers to G. J. Davis, Jr., Williams, Woodward. 


. A. duPlantier, S.C. Houser. = = jyQHNSON, EDWIN MacNEIL, Cincinnati, 
enn ge ydr. Engr., Tennessee 1 
Valley Authority. Refers to G. B. Archi- KNEZ, York C 
bald, B. Bird, J. S. Bowman, G. C. Haydon, New York City. 
. (Age 41.) With C. W. A. as Asst. Tech. 
‘J. Wright, G. R. Young. af Supervisor in charge Refers 
BELKNAP, EDWARD MANSFIELD, Zanes-_ n erson, F arsnell, A. H. 
ville, Ohio. (Age 23.) Sub- inspector, Soils § Bull, G L. Lucas, F. G. Parisi, I. B. 
Laboratory, Corps of Engrs., U. S. Army. Thorner. ity 
Refers to R. A. Anderegg, J. M. Belknap, McGAW, ALEX JAMES, Aruba, D. W. | 
B. Luther. | (Age 25.)_ Engr., Standard Oil Co. of New 
Tex. (Age _ Refers to L. McNew, | Nelson, 
BOWMAN, FREDERIC BERKELEY, Edge- raitsman, indian 
water, Colo. (Age 30.) Jun. Engr., "Design ¢ rice, Refers to 
 ‘Dept., Canals Sec., U. S. Bureau of Recla- H.C. Neuffer. 
mation, Denver, Colo. Refers P. MAYZEL, STEPHEN DARLINGTON, New 
Banta, F. Bowlus, R. R. Martel, . be York City. 1 Age 29.) Refers to W. J. 


to D. W. Albert, S. V. Cortelyou, R. I 
V. J N, WILLIAN LACE, A 
Patterson, W. P. Rowe, F. C Scobey, A. J. "Tex. WEE HAM WALEAGE, 


Stead, M..N. Thompson, T. L. McNew, C. B. Sandstedt. 
CONE, VICTOR MANN, Tenn. ROMANO, PATRICK ANTHONY, New York 
(Age 51.) Senior Engr., U. City. (Age 24.) With Works Div. 

- Memphis Dist. Refers to B. B. Black, a g E.R. A., Constr. Dept., Parks, Manhattan. 
Boesch, V. H. Cochrane, H. S. Crocker, Refers to A. H. Holt. R. B. Kittredge. 


Hinderlider, Mead, W. J. Lambert, F T. Mavis, C. C. Williams. 


Ss 
L. D. “Cal. (Age 36.) Senior Draftsman Dept. of 
deMAHY, STEPHEN GREVIL LE, _ St. Power, City of Los Angeles. 
Joseph, Trinidad, B. W. I. (Age 46.) Dist. Refers to C. BE. ‘Angilly. Jr., F. W. Hough, 
Engr., Public orks “Dept., Trinidad. W. Hurlbut, O. D. Keese, D. A. Lane, 
Ee Refers to H. D. Chapman, C. E. Conover, © EB. B. Mayer, H. A. Van Norman. ar 
T. Cory, H. D.. Dewell, G. L. Lucas. SEEMAN, “LYLE EDWARD, Managua, 
f  EDSTRAND, JOHN PHILIP, Kansas City, ‘Nicaragua. (Age With Corps of 
Mo. (Age 33.) Asst. Hydr. Engr., Missouri Engrs., U. S. Army; Officer in Chg., Hydro- 
River Div., U. S. Engr. Office. Refers to graphic Office, Nicaragua Canal” Survey. 
G. B. Archibald, G. A. Hathaway, D. H. Refers to G. E. Beggs, F. H. Constant, 
McCoskey., H. K. Shane, C. W. Sturtevant. J. C. Gotwals, W. M, Hall, F. A. Heacock, 


GETZ, MURRAY AUSTIN, Kansas City, Mo. al ‘E. A. MacMillan, W. H. McAlpine. = 


7 (Age 27.) With Black & Veatch Eng. Co. SHORE, | FRANKLIN KUANNIEN, Hong- 
Refers to E. B. Black, G. W. Bradshaw, | “China. (Age 35.) Engr., Logan & 
- Jones, A. P. Learned, W. C. McNown, kig Refers to D. W. Mead, N. A 
A. Russell, N. T. Veatch, Jr ‘Richards, Vv. Spurr, F._E. 

GODFREY, JAMES EMMASON, Brooklyn, L. F. Van Hagan, J. A. L. Waddell. 
¥. (Age 24.) Refers to H. P. Ham- GEORGE EDWARD, Jr., An- 
mond, L. F. Rader, E. J. Squire. napolis, Md. (Age 24.) Field Engr. 
GOLLON, FRANK ROSEBEN, New York _ Annapolis Metropolitan Sewerage Comm. 
City. (Age 23.) Refers to R.’E. Goodwin, i. Refers to B. E. Beavin, R. L. Burwell, 
F. O. X. McLoughlin, J. C. Rathbun. A. N. Johnson, Steinberg. 
GRAY, EARLEY, Berkeley, Cal. VANDERLIP, ARTHUR NELSON, | Ithaca, 
(Age 29.) Jun. Physical Testing Labora- ee, N. Y. (Age 33.) Instructor in Civ. Eng. 

tory Aid, California Div. of Highways. Cornell Univ. Refers to F. A. Barnes, E. N 
Refers to F. L. Bixby, H. P. Boardman, Burrows, A. C, Perry, J. E. Perry, E. W. 
“HAV ENS, ANDREW CANT, Pittsburgh, Pa. VERV ILLE, FRANCIS JOSEPH, Hancock, 
(Age 28.) Highway Engr., Research Dept., Mich. Refers to W. C. Polk- 
American Tar Products Co. Refers to A. 
_Diefendorf, L. C. McCandliss. _ WATSON, ‘RALPH ARTHUR, _ Phoenix. 
*HOAD, JOHN GREEN, Lansing, “Mich. Ariz. (Age 45.) Engr., Allison Steel Mfg. 
(Age 25.) With ‘Michigan Co. Refers to. H. D. Dewell, R. A. Hoft- 
peters to J. H. Cissel, man, N. G. Person, C. J. Sly, O. Speir. 
“WILSON, HENRY GOEDING FRANCIS, 
H. EB. Riggs, C. O. Wisler. ae Washington, D. C. (Age A Asst. Civ. 
RICHARD LEE, Fort. Hum-— Engr., Constr.“ Div., Q. M. Corps, U. 

(Age 25.) 2d Lieut., Corps Army. Refers to A. iL. Anderson, F. 0. 
. §. Army. Refers to A. Dufour, R. Farnham, H. R. Gabriel, & 
. B. Kittredge, B. J. Lambert, P. Watson 


SANDERS, VERNE GREY, Los Angeles, | 
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ALLAH N, ARTHUR ‘FRANCIS, Assoc. M. B. Case, A. Dana, D. S. Gendell, Jr., 
Riverside, Conn. (Elected Dee. 14, S. Hardesty, L. S. Moisseift 
1935.) (Age 39.) Managing “ELMER EDWARD, Assoc. 
, ‘Refrigerator Association of New York, Inc Lake Charles, La. (Elected Dec. 5, 19 

New York City. Refers to H. J. Carroll, (Age 41.) Member of firm, and Cons. Civ. 
J. H. Gaynor, P. J Greenough, S. Negrey, Engr., I. Shutts & Sons, Civ. and Cons. 
_ W. K. Peasley, T. K. Tomson. Engrs. Refers to J. F. Coleman, R. J. 
cooK, JOHN ORTH, Asse. -M., Pittsburgh, oe Cummins, D. Derickson, W. K. Hatt, A. M. 
Pa. (Elected March 14, 1927.) (Age 42.) Shaw, E. O. Sweetser, Von ‘Schrenk. 


> rr’. 
CWA. Refers ‘SMITH, STANLEY RINEAR, Assoc. M.. 


Da Germantown, Philadelphia, Pa. (Elected 
McKown, P. W. Price, Quick, S. Engr., Dept. ot City “Transit. Refers to 


Harris, H. Quimby W. R. Scanlin, 
Ww ‘Stewart, Stevens, 8. Swaab, W. S. ‘Twining, 


KLINE, WILMER ZIEGENFUSS, Assoc. SWISHER, MARK, Assoc. _M., Cleveland, > 
M., Philadelphia, Pa. (Elected "Jan, 19, Ohio. (Elected Aug. 31, 1925.) (Age 
(Age 42.) Associate Civ. Engr., 4th Industrial Engr. & Contr. tefers W. 

Naval Dist., Navy Dept., Public Works Brown, R. L. Harding, R. Hoffmann, B, R. 

Dept. Refers to W. H. Allen, . G Bisset, Leffler, D. ‘Lowensohn, R. MacDowell, 

G. S. Burrell, F. H. Cooke, Gayler, i. Sabin. 

E. D. Graffin, F. R. Harris, W. L. Taylor. VOLK, KENN NETH QUINTON, Assoc. M. 

SEELY, HOMER RUSSELL, Assoc. M., Los Angeles, Cal. (Elected Jan, 17, 1921.) 

Tenafly, N. J. (Elected Junior Nov. 26, (Age 44.) Res. Engr., Metropolitan Water 

19238; ‘Assoc. M. May 13, 1929.) (Age 37.) «Dist. of Southern California. Refers to 

Res. Engr. Triborough Bridgé Authority, W. H. Code, J. Hinds, J. B. Lippincott, 

York City. Refers to O. H. re: 8. B. Morris, J. H. 


FROM THE GRADE. OF “JUNIOR 


COOK, HOWARD LEE, Jun., Bethesda, Ma. Freese & Nichols, Cons. 


(Elected June 26, 1981.) (Age 29.) Hydr. _ Refers to J. H. Brillhart, J. B. Hawley, 
Engr., Soil Erosion Service, Dept. of In- H. R. F. Helland, D. W. Mead, M. C. 
terior, Washington, D. C. Refers to R. E. Nichols, E. LA Robinson, 2. &. W elty. oo 


- more, Md. (Elected April 12, 1926.) (Age 
CRESSY, FRANK BEECHER, | Jun., Long 32 Sr. Eng. “Draftsman, ” Navy 


Cal. (Blected Nov. 14, 1927.) (Age ashington, D. C. Refers to P. G. Crout, 


32.) ‘Res. Engr., State Dept. of Public B. M. Hall, Jr., V. H. Kriegshaber, P 


Works, Div. of Highways. Refers to S._V. Loehl Smitt . C. Whitaker. 
FE. Davis, C. Derleth, Jr., oehler, A. Smith, C. C 


MORSE, CLINTON, Jun., Balboa Heights, 
Zone. (Hlected Feb, 24 1981.) (Age 
CUR Jun. Engr. (High Grade), The 

otz, L or » 

nhgrs., U. Army; n Comman 
ith Engrs. Refers to E. N. EEGER, W ARREN HACKMAN, Jun, St. 


L. Neuman, P. S. Reinecke, 32.) ‘Asst. Engr., Minneapolis-St. Paul San. 


7 
- Schoder, L. C. Urquhart, H. D. “Vogel. Dist. Refers to W. N. Carey, J. A. Childs, 
GOLDSMITH, JOSEPH BLACKISTONE, -K. M. Clark, G. M. Garen, F. J. Magnuson, — 
Jun., Charieston, W. Va. (Elected June 4, M. Shepard. 
1928.) (Age 32.) Engr., Chesapeake & STEPHENS, RICHARD, Jr., Jun., Banning, - 
_Potomae Telephone Co. of West Virginia. “Cal (Blected Oct. 1. 1926.) (Age 32.) 
Refers to W. Bowie, H. L. Cooper, C. M- Asst. Engr., Metropolitan Water Dist. 
urgin, O. B. French, J. R. Lapham, Southern California, Field Headquarters. 
HENNEs, ROBERT GRAHAM, Jun., Seattle, § Refers to G. E. Baker, J. B. Bond, R. C. 
Wash. (Elected May 13, 1929.) (Age 29.) Booth, J. L. Burkholder, R. B. Diemer, 
Instructor in Civ. Eng., Univ. of Washing- Hinds, J. Stearns, F. E. Weymouth. 
ac ton. Refers to A. S. Douglass, P. A. OUNG, PHILLIP GAFFNEY,  ‘Jun., 
Bellows, M._R. Fisher, J._P. Hallihan, “Refugio, Tex. (Elected October 24, 1932.) 
W. C. Hirn, F. C. Morse, A. H. Place, F. B.- - (Age 30.) Cons. Engr.: also County Engr. 
Weber, L. C. Wilcoxen.’ D 
County Surveyor, Refugio County, Tex. 
HUNTER, HOMER ALEXANDER, Refers to C. M. Blucher, Ss. W. Freese, 
By Worth, Tex. (Elected March 15, 1926.) J. B. Hawley, H. R. _F.’ Helland, c. J. 
(Age 30.) ‘Office Engr. and Designer with | Howard, M. C. Nichols. wr 


‘The of. Direction will consider the applications m 


than thirty days after the date of issue. 


we | ___ FOR TRANSFER) 
— 
ers 
| 
B. S 
\ 
que, 
lian 
roh, 
nta, a 
clin, 
stin, 
lett, 
ney 
1V., 
tan. 
age, — 
ims. 
ane, 
— 
k, 
a 
ure, 
An- 
mm. 
act, 
‘ck, 
is, 


